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Introduction 

Plant roots serve a multitude of important functions in 

ecosystems. They are structurally complex organs, inti

mately associated with a range of micro-organisms, some 

of which are harmful to, while others are beneficial for the 
plant. The rhizosphere, the root-soil interface, is the site 

where the interactions between the plant root system and 

the soil occur. Roots are responsible for a major source of 
carbon and mineral nutrient flow to the soil and are of 

considerable importance at the single plant level, as well 

as at the ecosystem level. Root development is influenced 
by various climatic factors and often modified or strength

ened by human activities. The reason for the diversity in 

plant root systems may be a result of an adaption to the 

most effective performance (i.e. in the acquisition of 

water and dissolved ions, anchorage, storage, propagation 

or disposal) required under different environmental con

ditions. It is important to distinguish between roots (indi

vidual root members) and their integration in different 

root systems. 

A series of international root symposia have been 

organized by ISRR (the International Society of Root 

Research) focusing on plant root research. The fourth 

symposium, which was held at Almaty, in the Republic of 

Kazakhstan, 5-1 1 September 1994, dealt with "Root sys

tems and natural vegetation". The present proceedings are 

the result of this symposium. They are based on a number 

of oral and poster presentations, which address recent 

developments in basic and applied root research. The 

symposium succeeded in bringing together root research 

workers from many disciplines to discuss research done 

on roots under both laboratory (artificial systems) and 

field conditions (natural vegetation). The object of this 

symposium was, furthermore, to outline the present state 

of root research, in particular in the countries of the 

former USSR, and to point out directions for future re

search. Traditionally, root research has been developed 

extensively in many of these countries and, for western 

root scientists, it was important to get information about 

the present state of art of the research. 

The organizers were very pleased with the response to 

the announcement of this symposium, in spite of the fact 

that several interested scientists could, unfortunately, not 

attend the symposium because of economical difficulties. 

The symposium programme was based on a number of 

important themes, viz.: 

- Root anatomy and morphology; 

- Root systems of desert and mountain plants; 

- Root physiology; 

- Root systems of forest plants; 

- Mycorrhizal research. 

The symposium benefited greatly from the presence 

of many leading root scientists, both at the symposium 

and on excursions within Kazakhstan. We hope that the 

result of this symposium will lead to a better understand

ing of plant root systems and stimulate co-operation and 

further research on roots, rhizosphere and related topics. 

Hans Persson and Isa 0. Baitulin 
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6 

Bse�eHm:e 

Kopn11: pacTeHJIIft, cKphiThie OT B3opa B rroqse, 
BhiiiOJIHHIOT MHOlKeCTBO BalKHhiX <f?yHKI.J;l-IM B 
3KOCM:CTeMe. Tax, OHM: .HBJUIIOTC.H CTPYKTypHo 
CJIOlKHhiMM: opraHaMM:, TeCHO aCCOU.111IpO
BaHHbiMlll C p.H;r::J;OM MJIIKpoopraHM:3MOB, HeKO
TOpbie 113 KOTOpbi.X .HBJI.HIOTC.H Bpep;OHOCHhiMI1:, 
a ;o;pyr11e secbMa rrorre3HhiMM: p;rr.H pacTeHM:ft. 
PM:3oc<J?epa .HBJI.HeTC.H rrosepXHOCThiO pa3p;erra 
KOpHM:-IIQqsa, 30HOM, rp;e rrpOM:CXO;r::J;M:T B3aM:MO
p;eftCTBM:e Me.JK,lzy" KOpHeBOM CM:CTeMOM pacTeHI1:ft 
11 rroqsoft. KopHM: 11rparoT ocHoseyro porrh B 
<J?opMM:posaHM:M: M:CToqHM:Ka yrrrepop;Horo 11 
MM:HeparrbHOI'O IIM:TaHM:.H B rroqse, BeCbMa 
BalKHOI'O KaK Ha paCTM:TeJibHOM TaK 11 Ha 
3KOcM:cTeMHOM yposH.HX. Ha pa3BM:TI1:e KOpHeft 
OKa3hiBaiOT BJIM:.HHM:e pa3JilllqHhie KJIM:
MaTM:qecKI1:e cpaKTOpbl 11 B03p;eftCTB115I, CB.H-
3aHHbie c p;e.HTeJihHOCThiO qerroseKa. llpM:qM:HY 
pa3H006pa3115I KOpHeBOM CM:CTeMhl pacTeHM:ft 
crre;o;yeT paccMaTpM:saTh KaK pe3yrrhTaT 
rrp1ICIIOC06M:TeJibHhiX 113MeHeHI1:M ;r::J;JI.H 6orree 
3cpcpeKTM:BHOI'O BhiiiOJIHeHM:.H cpyHKU.M:M ( B 
ycsoeHM:M: BO;r::J;hi, pacTsopeHM:M: 11 rrorrrom;eHM:M: 
M:OHOB, 3aKpenneHM::vt K cy6cTpaTy, 3arracaHM:M: 
sem;ecTB, pa3MH01KeHM:M: 11 pa3Mem;eHM:M:) rrp11: 
pa3rrM:qHhi.X ycrros1I.Hx oKpy1KaiOm;eft cpep;hi. 
QqeHh Ba:iKHO rrp11 3TOM pa3JI1Jqa Th OC0-
6eHHOCT:vl MelKp;y KOpHHMM: 11 1IX M:HTerpau.M:eft 
B pa3JI:vlqnble KOpHeBhie CM:CTeMbl. 
MOMK ( MelKp;yHapop;Ha.H opraHI1:3aU.1I.H no 
:vt3yqeHM:IO KOpHeti) opraHM:3osarra cep11ro 
Me1Kp;yHapO;r::J;Hhl.X CM:MII031IYMOB IIO M:3yqeHMIO 
KOpHeBOM CM:CTeMbl pacTeHM:M. 'lleTsepThiM 
CM:MII031IYM 6 biJI rrposep;eH B ArrMaThi, 
Pecrry6rr:v�Ke Ka3axcTaH, 5-11 ceHT.H6p.H 1994 r. 
IIO;r::J; p;eBM:30M "KopHeBa.H CM:CTeMa 11 IIpM:pO;r::J;Ha.H 
pacTM:TeJihHOCTh". HacTO.Hlll;M:e TPY;r::J;hi rrpe;o;
CTaBJI.HIOT C060IO MaTep:vtaJihl 3TOI'O CM:M-
11031IYMa 11 BKJIIQqaiQT KaK OCHOBHhie, TaK 11 

CTeH;r::J;O Bhie ;r::J;OKJiap;bl IIO MaTepM:aJi a M  
Hep;asH:vtX M:ccrre;o;osaH:vtft. CHMII031fYM rrpornerr 
ycrrernHO 6rraro;o;ap.H TOMY, qTo B HeM rrpHH.HJIM: 
yqacTM:e crreu.M:anM:CThi pa3HhiX HarrpanneHM:ft 
B o6rraCT11 113yqeHM:.H KOpHeBOM CM:CTeMbl 11 
6hiJI11 paCCMOTpeHbl pa60Thl, rrposep;eHHhie KaK 
B rra6opaTOpHbl.X, TaK 111 Herrocpep;CTBeHHO B 
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rrorreBhiX ycrros1I.Hx. U.errh CM:MII031fYMa 6bma 
K TOMY 1Ke oqepTM:Th cospeMeHHoe cocTO.HHM:e 
1113yqeH115I KOpHeBOM C111CTeMbl 11 B oco6eHHOCT11 
B cTpaHax 6wsrnero CCCP 11 HaMeTM:Th 
HarrpasrreHM:.H 6 y ;o; y m;11x 111ccrre;o;osaHM:ft. 
Tpap;M:U.M:OHHO, M:3yqeH111e KOpHeBOM C111CTeMbl 
6hiJIO pa3B111TO BO MHOI'M:X 113 3TM:X CTpaH 11 
p;rr.H Hccrre;o;osaTerreft 3arra;o;a 6hmo sa1KHO 
rrorryqM:Th M:H<J?op MaU.M:IO o c ospeMeHHOM 
IIOJI01KeHM:11 M:CCJiep;oBaHM:M. 
OpraH:vt3aTophi OTHecrr111ch ;o;osorrhHO OTBeT
cTseHHo K sorrpocaM o6'b.HBJieH1I.H 3Toro c:vtMrro-
31fYMa 11 HeCMOTp.H Ha 3TO, K COlKaJieHM:IO, 
HeKOTOphie 3aM:HTepecosaHHhie yqeHhie He 
CMOI'JIM: rrpM:CYTCTBOBa Th B C B .H3M C 
3KOHOMM:qecKM:MM: Tpyp;HOCT.HMM. 
Op orpa MMa CI1:MII03MyMa oxsaTwsarra 
crre;o;yrom;:v�e sa1KHhie 6a30Bhie TeMhi: 
- AHaTOM115I M MOpcpOJIOI'115I KOpH.H; 
- KopHeBa.H cM:cTeMa pacTeHMM rrycThiHh M rap; 
- <l>M3MOJIOI'115I KOpH.H; 
- KopHeBa.H cMcTeMa rrecHhiX pacTeHMffl; 
- 113yqeHI1:e MMKOpM3. 
CM:MII03M:YM rrpHHec 6orrhmyro rrorrh3Y OT 
IIpM:CYTCTBM:.H MH OI'MX Bep;ylll;MX 
M:CCJiep;osaTeJieM KOpHeBOM C111CTeMhl KaK Ha 
CaMOM C111MII03:vtyMe, TaK 111 yqacTM.H MX B 
3KcKypc111.HX B Ka3axcTaHe. Bhipa.LKaeM 
Hap;e1Kp;y, qTQ pe3yJihTaThl C111MII03MyMa 
IIpMBep;yT K rryqrneMy IIOHMMaHMIO pOJIM 
KOpHeBOM CM:CTeMhl M CTMMYIIMpyiOT KO
OIIepaU.111IO 111 p;arrbHeftrnee pa3BMTMe Mccrre
p;osaHMM KOpHeffl, p1113occpepbi M scex oT
HOC.Hlll;MXc.H K 3TOM rrpo6rreMe BOIIpOCOB. 

XaHc 0111pcoH, Mea 0. Eaffi:Tyrrl1:H. 



Root research in natural plant communities of Kazakhstan 

/sa 0. Baitulin 

Abstract 

Baitulin, 1.0. 1996. Root research in natural plant communities of Kazakhstan. -

Acta Phytogeogr. Suec. 81, Uppsala. ISBN 91-7210-081-8. 

Investigations on the spatial distribution of the root systems of agricultural plants as well as of 
dominant plants in natural plant communities were carried out in order to establish a system for 
classifying plant roots. The species composition in a plant community depends, to a considerable 
degree, on the depth penetration of the different plant root systems. If light conditions are not 
limiting plant growth, the differentiation of plant species in the different plant communities will 
depend on the rate of penetration of the soil by the root systems for water and mineral nutrients 
uptake. 

Keywords: Plant community; Soil type; Spatial distribution; Root system. 

Main Botanical Garden of the Kazakh National Academy of Sciences, Alma-Ata 480070, 
Republic of Kazakhstan. 

Background and Introduction 

Kazakhstan is a large Central Asian Republic. Its territory 
stretches 2925 km from the bottom of the Volga river in 
the west to Mountain Altau in the east and 1 600 km from 
the West -Siberia plain in the north to Tian Shan in the 
south. Its territory is extremely variable with regards to 
both climate and vegetation. In the north, forest steppe 
prevails, which in the south gradually changes to diverse 
grass steppe, semidesert and in the south and southwest to 
desert. 

The average precipitation in the forest steppe is 300-
400 mm per year, in the steppe 250 mm and finally in the 
semi desert and desert it goes down to 100-200 mm. On 
foothills and mountains the precipitation varies from 400 
to 1600 mm. In the north and central part of Kazakhstan 
the maximum precipitation falls during the summer 
months, in the south early in spring. Strong winds are 
typical over almost all Kazakhstan. 

Mountains occupy only 10% of the territory of 
Kazakhstan and plain area steppe and desert dominate the 
rest. In extremely dry conditions water supply to the plant 
roots depends on soil moisture, then release of soil water 
is determined by the uptake efficiency of the root systems. 
The whole plant organism can then become adapted to the 
prevailing dry climate. 

The first root investigations in Kazakhstan were car-

ried out on the Uralsk Agricultural Experimental Station 
in 1 929. In different periods many root investigations 
occurred (Zakizhevsky & Korovin 1935;  Akhmedsafin 
1 947 ; Gabbasov 1947; Shalyt 1 950, 1 952). More system
atic and long-term investigations of root systems began in 
1 95 1  at the Kazakh University (cf. Baitulin 1 978).  The 
Laboratory of Plant Root Nutrition started in 1 965, which 
is of great importance for future root research and educa
tion. Plant root systems were extensively investigated in 
natural plant communities on different soil types (alkali 
soil, saline soil, road metal soil, stony soil, loamy soil, 
sandy and loamy soil and sandy soil) in the Kazakhstan 
desert (Baitulin 1 973), the Zailiysky Alatau (Baitulin & 
Behenov 1973;  Nesterova 1 98 1 ) . A summary of those 
investigations is given in the present paper. 

Results and Discussion 

Much attention was paid to the analysis of morphological 
structures of root systems. Based on the growth dynamics 
of the root systems, their change in root length, biomass 
and spread in accordance with soil and climatic condi
tions, a morphogenetic classification of the root systems 
was carried out (Baitulin 1 974) . 1t is based on the compo
sition of roots in relation to time and place of formation, 

Acta Phytogeogr. Suec. 81 
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Fig 1. Root system of Eurotia ceratoides on: A - usual loamy 
Sierozem; B - meadow Sierozem; C - quick sand; D - road metal 
soil. 

rate of extension, vigour and characteristics of root spread. 
The extent and intensity of depth penetration depends 

on the duration of the vegetative period. Root develop
ment is well correlated to the growth in above-ground 
organs and reflects the growth pattern of the whole plant. 
That root systems as organs clearly reflect the conditions 
of their habitats is most clearly seen in arid climates, there 
they must exploit the poor soil and water resources most 
effectively. The extreme environmental conditions cause 
functional changes in the root systems and lead to reor
ganisation of their structures. 

Thus, in quick sand conditions the influence of wind 
flow determines the mechanical function of the root sys
tems and causes a strong expansion of the first ordinal 
lateral roots in the superficial soil horizons, which after 
considerable horizontal stretch grow vertically downwards 
and very effectively anchor the plant to withstand the 
effect of the wind (Fig. 1 ) .  

The soil moisture is the main factor limiting root 
system growth in arid climatic conditions. In soils with 
deep infiltration of the precipitation, the plants penetrate 
deeper into the ground. But if the water infiltration is not 
so deep, a more intensive growth of lateral roots is ob
served which gives a more branched character to the root 
system. Thus, in loamy soil desert where the ground water 
is rather deep, the root system of Eurotia ceratoides 

reaches the ground water level at a depth of 9 m (Fig. 1 ) .  

If the below-ground water conditions appear more 
favourable for water supply higher up in the soil profile, 
the number of species will increase as well as the extent of 
species differentiation. In such plant communities, the 
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different root systems will have their own preference for 
certain layers of the soil for the penetration of absorbing 
roots. Thus, on meadow-sierozomic saline soil, where the 
ground water is at 6.5 m depth, the root system of some 
deep-rooted plants (Alhagi pseudoalhagi and Karelinia 

cas pia) has almost no branches in the upper soil horizons 
(Fig. 2 and 3), while in the root system of other species 
(Zygophyllumfabago, Eurotia ceratoides) the branching 
also occurs in the upper soil horizons. Depth penetration 
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Fig. 2. Root system of Karelinia caspia (A) and Alhagi pseudo
alhagi (B) .  
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Fig. 3. Root system Artemisia terra-albae on loamy Sierozem. 

of the root systems is the most prominent character of 
these plants. It stabilises the water regime in the plants and 
determines, to a great extent, their resistance to moisture 
deficit. 

As a rule, above-ground biomass is more developed 
in arid conditions with a long vegetative period. The 
plant roots will furthermore penetrate deeper into the 
soil and occupy a thicker soil layer. The development 
and spread of the plant root system in relation to above
ground development is very complicated. Thus ,  Arte

misia terra-alba and Anabasis salsa are often domi
nants and Kochia prostrata and Camphorosma mons

peliacum are often sub-dominants in one and the same 
phytocoenosis. All of them depend on a long vegetative 
period, but they differ greatly in their structure of 
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Fig. 4. Root systems of Anabasis sa/sa on a saline crust in an 
association formed by Nanophyton erinaceum, Anabasis salsa 

and Alhagi pseudoalhagi. 

above-ground organs, in relation to depth penetration 
and growth intensity of their root system (Figs. 4 and 
5) .  Artemisia terra-alba is furthermore a sclerophyte, 
Anabasis salsa is a stem succulent, Kochia prostrata 

and Camphorosma monspeliacum are leaf succulents . 
The roots of the latter two species penetrate much 
deeper than the other two and therefore their supply of 
water to above-ground parts is constant during the 
whole vegetative period. Plants with succulent leaves 
posses a low and stable transpiration intensity during 
the vegetative period (Klimochkina 1 948) and will not 
show growth interruption during the dry summer pe
riod which is seen in Artemisia terra-albae. 

While studying the plant reaction to the edaphic envi
ronment, one should also take into account differences at 
species level with regard to structure and development of 
the root systems. The plant structure, growth penetration 
and the characteristics of root spread are determined her
itage and are species specific, but to a certain extent the 
root systems will change under the influence of environ
mental conditions. Thus, the deeply rooted desert tree 
Haloxylon aphyllum - on alkali soils reaches 4. 1 m, on 
half-fixed hilly sands on brown sandy loam soil 7 .3 m, and 
with deep deposits of ground water up to 10  m depth (Fig. 
6 A, B and C), due to ground water conditions. 

In some phytocoenosis, many plant species with a 
complicated structure, belonging to various life forms 

200J 
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Fig. 5. Root system of Kochia prostrata on light chestnut calcar
eous soil. 
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often occur together. The more complicated the species 
composition of a phytocoenose is, the more important is 
the differentiation in depth penetration by the different 
root systems. More favourable water and chemical condi
tions lead to a higher species diversity. The degree of 
complexity in the below-ground sphere is shown in plant 
differentiation according to the depth of the root systems. 
The plant species will always try to use the conditions of 
the edaphic sphere differently and most efficiently. 

Thus, the study of the root systems helps to shed more 
light on the biological characteristics of plants which is of 
a great practical value. When new plants are introduced 
into new areas, e.g. with unfavourable soil conditions, 
knowledge of the root behaviour of the plants used must 
be taken into account. 
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Growth strategies of plant roots in different climatic regions 

Introduction 

Lore Kutschera-Mitter 

Abstract 

Kutschera-Mitter, L. 1 996. Growth strategies of plant roots in different climatic regions. 
Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 91-7210-08 1-8.  

Differences in the growth direction of plant roots under the influence of climatic conditions are 
presented based on earlier publications by the present author. This includes a comparison of 
certain taxa in humid, semihumid, semiarid and arid regions. Studies with the electron micro
scope provide insight into development of mucilage (slime) by the cells of the root cap and its 
function during geotropic growth. Additional field work was carried out mainly in the Kalahari 
of South Africa and in Namibia. The frrst function of the root is to utilise the temporary 
overproduction of carbohydrate by the shoot. Therefore, any shoot damage which decreases its 
carbohydrate production also decreases root development. 

The most important role of the root cap or the root pocket is to protect the root body against 
external water uptake. Therefore, water roots have the largest root cap or a large root pocket. The 
mucilage of the root cap increases its protection of the root body against premature water uptake 
and loss of substances supplied by the shoot. An intensive and rapid cell division in the 
rhizodermis takes place near the end of the mucilage covered root cap before the external water 
uptake takes place. In general, every passive or active bending of the root tip is accompanied or 
caused by an asymmetry of the root cap and/or its mucilage. Without storage water and without 
water uptake from the outside, no passive bending or active positive geotropic bending takes 
place. Consequently water is the decesive substance during the key phases of root development 
- exploiting the environment for nutrients stabilising the whole plant-soil-development and 
ensuring plant protection. 

Keywords: Climatic condition; Geotropism; Root cap; Rooting form. 

Pflanzensoziologisches Institut, Kempfstr. 12, A-9020 Klagenfurt, Austria. 

A great amount of work on morphological root research in 
Kazakhstan has been done by Baitulin ( 1 979, 1984), and 
Baitulin & Ametov ( 1983). Similar research in other 
climatic regions over the recent decades by many authors 
(see cited literature in Kutschera & Lichtenegger 1982, 
1 992). These reports make it easier to understand the root 
function, the relationships between root and shoot, as well 
as between root morphology and anatomy, and the differ
ent conditions for growth provided by the environment. 

mays (Figs. 1 -5) and Phleum pratense (Fig. 6). Research 
in the field was done, as shown by the included pictures 
(Figs. 7 -9) with plants from botanical gardens from Middle 
Europe on Pandanaceae, with plants of natural sites in 
humid regions of Middle Europe on Poaceae (Fig. 1 0), in 
Argentina on Onagraceae (Figs. 1 1 - 1 5) and in semihumid 
regions of Middle Europe on Fabaceae, Asteraceae and 
Lamiaceae, and in the semiarid and arid regions of the 
Kalahari of South Africa and in Namibia, on Liliaceae, 

Burseraceae and Cucurbitaceae (Figs. 16- 1 8). 
The method used for dry excavation of the roots has 

been described in Kutschera ( 1960) and Lichtenegger 
( 197 6) . The materials used for fixation and embedding for 
the light microscope were formaldehyde ( 4 % ), isopropyl 
and ethyl alcohol (80 %) or acrolein ( 10  %), paraffin, 
glycolmethacrylate, and epon, historesin or paraplast with 
isobutanol (Wemer 1 984), and for the electron micro-

Material and Methods 

The laboratory research work was done mostly using Zea 
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scope glutaraldehyde, paraformaldehyde and osmium 
tetroxide, 4 % - postfixation. 1 % solution of alcian blue 
was added in glutaraldehyde holder. The sections were 
stained using the Thiery method (Thiery 1967). 

Results and Discussion 

Terrestrial plants are exposed to a much higher incidence 
of light than aquatic plants. As a consequence, a periodic 
overproduction of carbohydrates may occur. This carbo-
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Figs. 1-5. Zea mays: 1-2. roots of 
young seedlings after being placed 
in a horizontal position, gravity 
leads to the asymmetry of the 
mucilage, 1. under dry, 2. under 
very wet conditions. - 3-5. EM, 
x2000, interpretation see text. -
3-5. from K. Barmicheva, Acad
emy of Sciences, St. Petersburg. -
6. Phleum pratense. Grown on 
wet filter paper (above); after 
putting the plant in a dehydration 
medium, (below) from Kutschera
Mitter (197la). 

hydrate surplus had to be removed or used by the plant. In 
many cases storage in the root body or growth expendi
ture are insufficient to compensate for this overproduc
tion. Large amounts of mucilage had to be excreted from 
the root tip (see Zea mays, Figs. 1, 2). This is particularly 
the case for graminaceous plants on sandy soils at warmer 
sites with high insolation. The mucilage cements the sand 
grains and thus forms a protective cover around the root 
(see Ammophila arenaria, Fig. 10) .  

However, sometimes, roots of aquatic plants such as 
Jussieua (Ludwigia) repens also build up a thick mucilage 
layer around the root tip (Fig. 1 1 ) .  A periodic high water 
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Figs. 7-9. Pandanus spec. Bot. Garden, Univ. Basel. - 10. Ammophila arenaria. Romo, Denmark. - 11-15. 
Jussieua (Ludwigia) repens. - 11, 13-15. cultivated. - 9. Li River, near Guilin, China. Detailed comments 
in text. -7-10. from E. Lichtenegger, - 14-15. from M. Sobotik. 

supply can lead to the liquefaction of mucilage (Figs. 1, 

2). In this case, the cells loosened from the root cap tissue 
lie dispersed in the mucilage. EM- photographs show this 
mucilage development (Figs. 3-5). The cells of the con-

nected cap tissue contain starch grains. In the separation 
stage of the cells, the starch is transformed to large quan
tities of mucilage, partly in layers, located between the 
cells (Fig. 4). Some cells lie isolated in the mucilage 

Acta Phytogeogr. Suec. 81 



14 Growth strategies of plant roots in different climatic regions 

Fig. 17.  

525 

Fig. 16.  Aloe littoralis. Highland partly surrounded by hills, Windhoek, Namibia. Fig. 17. Commiphora saxicola. SW slope without 
underground water, Uis Myn, Namibia. Fig. 18. Acanthosicyos horrida. Dry valley, Swakopmund, Namibia, above sea-level (illustra
tions E. Lichtenegger). 
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(Fig. 5) .  The Golgi apparatus and particularly the endo
plasmatic reticulum apparently continue to be active. 

The high mucilage production in warm and dry loca
tions is often accompanied by a less developed elongation 
zone. The root hair zone is closely connected to the 
mucilaginous zone of the root tip. Thus, the mucilage of 
the root hairs is continuous with the mucilage of the root 
cap. The roots of grasses are therefore often completely 
covered by an extensive mucilage cover (Fig. 1 0) .  The 
development of this layer is important not only for root 
growth but also for soil organisms and for soil biological 
processes. In more humid sites the elongation zone will be 
longer. The water uptake in the elongation zone is very 
rapid. The uptaken water can be easily lost if environmen
tal conditions change. 

This is evident for young, transparent roots of Phleum 

pratense (Fig. 6) . In a state of dehydration, cortex and 
rhizodermic cells lose their water almost immediately. 
Thus, the root will not die, but it remains in an inactive 
state and as soon as water supply is re-instated growth 
resumes. Therefore the cells and mucilage of the root cap, 
as well as the storage water inside the elongation zone, are 
mainly responsible for the growth direction and conse
quently for the spatial distribution of roots. The result is a 
dependence of the growth direction on the supply of 
warmth and water. Gravity influences this process due to 
the fact that the specific weight of water vapour is lower 
than that of air, and that air - with increasing temperature 
- can contain on more water vapour; finally, the cells have 
a higher water potential after losing water (Kutschera
Mitter 1 97 1 a  and b, 1 992) . 

Premature hardening of the root tissues at high tem
peratures or during a lack of water hinders the bending 
growth. Thus, thick roots of old Pandanus plants (Figs. 7-
9) continue to grow in the air in the direction fixed inside 
the shoot. The root cap does not develop any mucilage and 
the cell layers detach from one another resulting in a 
condition similar to grease-proof paper (Fig. 8) .  Under 
these conditions the root can only function in uptake and 
consumption of the surplus of assimilates produced by the 
shoot. If such a root is cut 50 cm from the tip and placed in 
a plastic envelope, water uptake from the outside will 
begin and the initiated lateral roots will continue their 
growth. Up to 28 tips of lateral roots are visible over a 
distance of 1 cm. A constant high supply of water from 
outside, initially leads to a more or less vertical downward 
root growth. In contrast, little or no water supply causes a 
horizontal or upwardly directed growth. With an up
wardly directed growth, the water supply is internal, i.e. 
from older parts of the root or from the shoot. Examples of 
this phenomenon are the downward growing roots and the 
upwardly growing net roots of Orchidaceae such as 
Cyrtopodium palmifrons (Kutschera-Mitter & Lichten
egger 1 986), and the upward growing roots of mangrove 
plants such as Avicennia marina and Sonneratia alba 

Lore Kutschera-Mitter 15  

(Kutschera-Mitter 1 992) and many species independent 
of their order (Kutschera-Mitter 1 97 1 a, b). 

A lack of water uptake from outside is also responsi
ble for the upward growth of roots in water (cf . Jussieua, 

Figs. 1 2- 15). The lack of water in these roots is connected 
mostly with a high carbohydrate supply and a temperature 
increase. Both factors occurring simultaneously cause 
premature hardening of the root layers and extensive 
respiration inside the root, provided that an intensive gas 
exchange exists between shoot and root. The inner ex
change of gas favours the development of intercellular 
spaces in the cortex cells where protrusions similar to root 
hairs are formed (Fig. 15) .  If roots grow transversly the 
inner layers of the cortex will have intercellular spaces of 
±normal size (Fig. 13)  and in downward growing roots all 
intercellular spaces are relatively small. 

The growth direction of roots in soil depends on the 
intensity and changes in temperature and humidity. The 
paper by Lichtenegger (this volume, pp. 76-82) contains 
examples from temperate humid regions. In areas of greater 
temperature and humidity changes, roots are often distrib
uted in three horizons. One section of the root system 
grows horizontally near the soil surface. In the adjoining 
horizon, the roots mostly grow vertically downward. In 
the third horizon, they begin again to grow either side
ways or more or less horizontally. The reason for this is 
the change between water loss and water uptake in the 
first and second horizon, with water loss sometimes pre
dominating in the first horizon and water uptake in the 
second horizon. In the third horizon, however, the change 
of water supply and temperature fluctuations decrease. 

The mainly horizontal root growth observed in tropi
cal rainforests and deserts without ground water influence 
may be due to this. The same applies to the fact that root 
depths increase as long as the temperature increases and a 
high water supply from groundwater makes the down
ward bending of the root possible after upward bending. 
The maximum root depth in the humid region of Middle 
Europe lies in the colline zone at 3-5 m; in the eastwardly 
adjoining semihumid region it can reach 4-6 m (Kutschera 
& Lichtenegger 1992) and in the semiarid and arid zone of 
Middle Asia between 6-8 m or more (Baitulin & Ametov 
1983). 

On south exposed slopes greater root depths can be 
reached due to stronger insolations. In warmer regions 
with a semiarid or arid climate roots often grow only 
horizontally at sites without groundwater influence. This 
applies mainly to all stem- and leaf-succulents such as 
species of Liliaceae (cf. Aloe, Fig. 16) and Burseraceae 

(cf. Commiphora, Fig. 17) .  In such stands the plants rely 
on water from precipitation. The growth within the bend
ing zone is largely effected by water stored in stem or 
leaves. Plants in dry desert valleys with great fluctuations 
of ground water level, without or with very little precipita
tion such as in the Namibian desert, may form special root 
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distributions. Acanthosicyos horrida provides an example 
(Fig. 1 8). Its roots grow in horizontal or transverse layers 
following the level of the ground humidity. In layers of 
gravel mixed with coarse sand with low waterholding 
capacity, they grow transversly or vertically in small 
bends. These small upward and downward directed bends 
are the result of changes in the relative humidity of the soil 
air. 

In layers consisting of very fine sand having a higher 
water holding capacity, the roots grow more or less hori
zontally. Shoot growth may take place using the storage 
water in the older and thicker parts of the root; eight to 
twelve cm3 of water was collected from an 80 cm long, 
4-cm-thick root section after holding it in a vertical posi
tion, and a root of Acanthosicyos horrida laid open by 
wind and water was 325 feet long (Dolezal 1960- 1 964). 
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Fine-root dynamics in forest trees 

H. Persson 

Abstract 

Persson, H. 1996. Fine-root dynamics in forest trees . - Acta Phytogeogr. Suec. 8 1 ,  Uppsala. 
ISBN 91-7210-08 1 -8.  

Sequential core sampling, ingrowth cores and minirhizotrons were used in order to investigate 
the factors influencing the growth dynamics of fine roots. Problems associated with their 
quantification are reviewed using own available data from field experiments. 

Root growth is impaired or strengthened by human activities. Carbon incorporation into the 
soil by dead roots is recognised as an important pathway in the total carbon flow. Factors that 
lead to growth suspension may or may not be the same as those that result in root shedding or 
senescence. In order to investigate several major environmental problems in forest ecosystems it 
is necessary to quantify the major carbon flow in the forest soil. 

Keywords: 

Department of Ecology and Environmental Research, Swedish University of Agricultural 
Sciences, Box 7072, S-750 07 Uppsala, Sweden. 

Introduction 

Tree root systems are structurally complex organs, con
sisting of both heavy fractions, stump and coarse roots, 
and fine roots, intimately associated with a range of 
micro-organisms some of which are damaging (patho
gens) but others are of benefit for the tree (the mycorrhizal 
fungi). The fine roots have been shown to be in a dynamic 
balance between renewal and growth or death and decay 
(Persson 1 979, 1 993). The importance of understanding 
and quantifying the processes influencing fine-root dy
namics (production, longevity, and mortality) is indisput
able. Comparable to definitions for populations, a birth 
rate, death rate and average life expectancy can be defined 
for fine roots. If the potential for water or nutrient uptake 
is considered to be age dependent, then it is useful to 
describe cohorts of roots of the same age in relation to 
manipulation of environmental factors. 

Data on fine-root growth and turnover in relation to 
environmental factors are still very limited for forest 
ecosystems (see Persson 1993). The assimilate cost growth 
and maintenance of a root system for a single tree may be 
up to 70% of the total carbon flow (Agren et al. 1 980). The 
paucity of information on below-ground dynamics may 
be illustrated by some questions, still poorly answered 

although formulated over a hundred years ago by Resa 
( 1 877), i.e. :- Do roots have an annual growth periodicity? 
- Is the growth periodicity, if any, different from that of 
above-ground growth?- Does there exist an annual fine
root mortality? 

Growth dynamics of fine roots differ considerably 
between different sites, tree species and from one year to 
another (Santantonio & Hermann 1 985; Vogt et al . 1 990; 
Persson 1980). Most earlier works on the temporal pattern 
of fine-root growth indicate a considerable variation in 
the amount of fine roots during the growing season due to 
a high turnover rate (cf. literature in Persson 1 980). These 
turnover figures constitute the background to the long 
term fluctuations in the soil organic matter during the life 
of a forest since the dead root material constitutes an 
important source of organic input into the soil environ
ment. 

In the present paper the factors influencing the growth 
dynamics of the fine roots and the problems associated 
with their quantification is reviewed using recent data 
obtained in a large scale field experiment manipulating 
nutrient availability. Results obtained using different meth
ods of investigating fine-root growth dynamics are also 
presented. The development of miniature colour TV cam
eras, producing high resolution images which can be 
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digitised and stored in database files for processing, do 
not justify root research workers' claim that fine-root 
growth dynamics is impossible to quantify for forest trees .  

Collecting data on fine-root dynamics 

Fine roots - definition 

The most widely used root size for investigations of fine
root production and mortality is less than 1 or 2 mm in 
diameter (Vogt & Persson 1 99 1 ) .  Roots < 1 mm in diam
eter consist of ramifications with mycorrhizal root tips 
that are morphological very distinctive from the rest of the 
root system and include both the mycorrhizal host and 
fungal mantle tissues. The growth patterns of the fine-root 
biomass in terms of weight, surface area and volume is 
closely connected with changes in root length (Persson 
1980; Majdi & Persson 1 995). As a result of frequent 
branching, the fine roots form dense networks constantly 
invading new areas of the soil. Repeated branching occurs 
in soils rich in organic matter often in connection with 
mycorrhizal infections. 

Methods used in the study of fine-roots dynamics 

Three methods are most frequently used in recent studies 
on fine-root dynamics at an ecosystemic level: (i) using 
data obtained by sequential core sampling; (ii) measuring 
the ingrowth of new roots into root-free cores (ingrowth 
cores) removed at regular intervals and (iii) sequental 
video filming in minirhizotrons in order to obtain images 
of fine roots which are projected onto a computer monitor 
and saved in a data-file for processing (Vogt & Persson 
1 99 1 ; Majdi et al. 1992) . 

The first method, the sequential core sampling method, 
is simple but laborious, since data are extracted from 
samples reflecting the changes in fine-root standing crop 
(biomass and necromass) throughout the year. This method 
works best on sandy forest soils where the soil is easily 
penetrated by soil coring devices (Persson 1 993). The 
excavations of large soil blocks (monoliths) is then the 
only feasible method on till (cf. Persson et al. 1995). 

Ingrowth cores can be used in order to obtain a quick 
and less laborious estimate of fine-root growth (Vogt & 
Persson 199 1 ) .  The ingrowth core technique has been 
shown to be an ideal method of comparing different 
experimental treatments or gradients (Ahlstrom et al . 
1988; Persson & Ahlstrom 1994). 

Destructive methods (methods i and ii) of measuring 
fine-root standing crop do not permit the simultaneous 
measurements of fine-root production, death and disap
pearance on the same root members (see Majdi & Persson 
1995). Other problems related to destructive sampling 
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methods are differentiating between temporal differences 
of fine-root standing crop and separating between living 
and dead roots (Vogt & Persson 199 1 ) . Minirhizotrons 
can be used in this context in order to quantify the rate of 
fine-root production and mortality. 

Factors affecting fine root growth 

From practical experience we know that vigorous root 
growth is necessary for growth in above-ground tree 
structures. Greater biological understanding of how geno
type and site factors affect the amount of fine roots and 
their distribution and the quantity of total stand produc
tion is needed in order to evaluate how biological factors 
such as age and species of the trees affect potential 
production. Site quality may significantly affect the rela
tionship between the amount of fine roots and foliage 
produced annually (Santantonio et al. 1977; Santantonio 
& Santantonio 1 987). In closed canopy stands there is a 
consistent, strong negative relationship in dry matter par
titioning between fine roots and stems (Santantonio & 
Grace 1987). This relationship incorporates differences in 
site, stand age and a range of species. In contrast to 
foliage, it may not be necessary for fine roots to com
pletely occupy their environment at a given time. 

The annual turnover of fine roots in young and mature 
Scots pine stands may at least be twice and equal to the 
average fine root biomass respectively (Persson 1979). 
Available data (cf . Fig. 1) suggest that the fluctuations in 
fine-root production are higher in a young Scots pine 
stand than in a mature one. The respiration costs increase 
considerably with the age of the trees. The mechanisms 
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Fig. 1 .  Variations in the live and dead fine roots ( < 2 mm in 
diameter) in a young and mature Scots pine stand. e = biomass; 
0 = necromass. Estimates are given as a mean ± SE. 



resulting in the rapid disappearance of roots upon death 
are of great interest since a large amount of carbon is 
involved. Apart from natural losses of root material from 
healthy trees as a result of replacement of the fine-root 
system, severe losses may occur as a result of unfavour
able soil conditions, soil toxicity, root decease or activi
ties of soil animals or bacteria feeding directly on roots. 

Carbon economy 

An indication of the importance of root production in the 
total carbon flow may be obtained from a carbon budget 
(Agren et al . 1 980) . The root production may then be 
obtained as a rest fraction if growth, respiration and the 
net photosynthesis are measured. Carbon budgets reveal 
that 1 3-57% of the carbon that is assimilated annually by 
Scots pine trees of varying ages is used for the growth of 
root systems; the related respiration cost is 5-25%.  Inves
tigations by Raich & Nadelhoffer ( 1989) furthermore 
show that live-root respiration can be a major contributor 
to the total soil respiration, between one and two-thirds of 
the annual carbon release from the forest soil. 

The carbohydrate storage capacity in tree roots is 
generally fairly high (as much as 5-25% of the dry weight 
consists of starch (Ericsson & Persson 1 980) . Within fine 
roots, variation in starch content is considerable due to 
varying diameter (Wargo 1976). The starch reserves are 
used for growth as well as for maintenance of the fine-root 
system. It may be concluded that fine-root growth leads to 
a reduction in starch concentration (Ford & Deans 1 977 ; 
Ericsson & Persson 1980) . Marshall & Waring ( 1 985) 
developed a model to predict fine-root production and 
turnover from soil temperature and starch depletion of the 
fine roots. The following hypotheses were tested: (i) the 
growth of fine roots is accompanied by starch accumula
tion rather than depletion; (ii) a fully developed fine root 
meets its maintenance requirements wholly from its starch 
and sugar reserves, and (iii) the root dies when its starch 
and sugar reserves have been exhausted. From the work 
by the latter authors one may conclude: that initial starch 
concentration and soil temperature are key variables esti
mating fine-root turnover and fine-root biomass. High 
starch levels in living fine roots may, consequently be the 
reason for them staying alive in the forest soil for more 
than one year after clear cutting (Puhe et al . 1986). 

The general lack of insight into the relationship between 
above and below-ground production in forests results from 
the relatively few reliable measurements of below-ground 
production (cf. reviews in Santantonio et al. 1977; Santantonio 
& Hermann 1985; Persson 1980). Fine-root production and 
mortality can occur simultaneously (Persson 1 978 ;  
Santantonio & Grace 1987) in small soil volumes and may, 
therefore, not be separated in time or space. 

Nutrient status 

H. Persson 1 9  

There i s  always a much greater proliferation of roots i n  the 
top soil (the LFH-layer) than in the deeper layers since the 
surface has a high content of organic matter and nutrients, 
and both biotic and abiotic environmental conditions dif
fer considerably (cf. Persson 1980). The LFH-layer is 
occupied by a heavily ramified network of mycorrhizal 
fine roots, vigorously proliferated as a result of improved 
moisture and nutritional conditions. The mineral soil hori
zon, on the other hand, which is characterized by a high 
turnover and fewer root tips per unit length, may be 
influenced to a greater extent by the formation and elon
gation of fast growing long roots. 

Data on fine-root growth in response to the presence 
of plant nutrients in the vicinity of the tree roots are 
available from experimentally manipulated areas in many 
field experiments in Sweden (cf . e.g. Ahlstrom et al. 
1 988; Helmisaari 1 990; Persson 1979; Persson & Ahlstrom 
1 99 1 ,  1994). From these areas it has been shown that an 
increased needle mass in stands with a high nitrogen 
supply often corresponds to a reduced amount of fine 
roots and mycorrhizal frequency. Experimental treatments 
such as liming and compensatory fertilisation may result 
in both negative and positive effects on the growth and 
development of fine roots, depending on the soil type and 
the dose at which the liming or fertilisation agents are 
applied. Although most studies have been comparative, 
e.g. good versus poor sites (Keyes & Grier 1 98 1  ), quantity 
and form of available nitrogen (Finer 1 992; Helmisaari 
1 990; Nadelhoffer et al. 1985 ; Persson 1 978), few studies 
have been experimental. Although it is often not possible 
to define from these studies which specific factors were 
most important for fine-root growth, the results show that 
a greater proportion of the total net primary production 
goes to fine roots when site conditions are less favourable. 
Investigations in coniferous stands in Sweden clearly 
demonstrate that growth and element concentrations in 
fine roots are strongly affected by changes in soil nutrient 
status after fertilisation, liming, ash application etc. 
(Persson & Ahlstrom 1 994; Persson et al. 1 995). The 
effect of nutrient manipulation will remain for a long 
period (cf. Fig. 2) . It is clear that analysis of fine-root 
chemistry gives more direct and more accurate informa
tion on the nutritional status in a forest stand than conven
tional needle analysis. 

Swedish root investigations indicate that: solid fertili
sation in combination with liming generally caused a 
decrease in fine-root production. Solid fertilisation alone 
(ammonium nitrate and urea) in some field experiments 
caused a decrease in fine-root production, whereas in 
some experiments an increase in fine-root growth was 
observed (Persson 1 980; Persson et al. 1995 ; Persson & 
Ahlstrom 199 1 ) . 

Ammonium sulphate application, viz. increased 
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Fig. 2. The chemical composition of living fine roots (< 1 mm in diameter) in the Oringe Experiment for N, Na, Ca, Mg, Mn, Fe, AI, P, 
K and S (mg g-1) ingrowth cores. The experimental treatment included besides the control (e), dolomite lime 3550 kg ha-1 (0), carbonate 
lime in two doses of 2000 (o) and 3839 kg ha-1 (•) respectively (cf. Persson 1985). 

nitrogen and sulphur deposition, caused a decreased fine
root vitality (based on morphological characteristics), an 
increased concentration of fine roots in the LFH-layer and 
an increased amount of dead fine roots in the soil profile 
(Clemensson-Lindell & Persson 1995a; Majdi & Persson 
1 995;  Persson et al. 1995). Experimentally decreased 
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nitrogen and sulphur deposition in a catchment area in 
SW Sweden (a roof experiment) tended to increase fine
root vitality (Clemensson-Lindell & Persson 1 995b). 

The development of the minirhizotron technique (Majdi 
et al. 1 992; Hendrick & Pregitzer 1 992), which has been 
tested and further developed in Swedish field sites, makes 
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vitality fertilisation (V) treatment areas 
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it possible to follow the growth dynamics ofthe fine roots. 
Since the same roots are followed at the same part of the 

tube, the observed rate of changes in production or the 

mortality of fine roots are directly related to fluctuations 

in nutrient availability or environmental changes (soil 

temperature or moisture) . 

Examples of fine roots recorded in a minirhizotron 

tube at a depth less than 20 cm in a Norway spruce stand 

in SW Sweden subjected to nutrient application are shown 

in Fig. 3. The IF-treatment areas were subjected to in

creased nutrient levels from 1988 onwards. The data from 

those investigations suggest that fine-root production de

creased in the IF-treated areas compared with the control 

areas. Fine-root mortality in the IF treatment areas were 

higher than in the control during the whole study period. 

High ingrowth rates of new Scots pine fine roots into root 

free ingrowth cores were obtained in treatment areas in 

stands subjected to liquid fertilisation with complete ferti

lisers (Persson 1 980; Ahlstrom et al. 1 99 1 ) . 

Water status 

Water and mineral uptake are closely related to the total 

metabolic activity of the tree, but also to the degree of 

penetration of fine-root tips, i.e. to the fine-root growth. 

Because of the unequal penetration of the precipitation 

through soil fissures, old root channels and differently 

permeable soil layers, and because of the unequal uptake 

by different root tips, the soil is often very heterogeneously 

penetrated. New water and mineral nutrient resources 

must be found by the actively penetrating root tips. A high 

growth rate means that a large soil volume is penetrated, 

which increases the accessibility to water reserves and 
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contributes to the maintenance of a stable water regime. 

Data from one field experiment (Persson et al. 1 995) 
including drought (D - two thirds of the precipitation was 

excluded by a roof during the growing season) and NS
addition (NS - ammonium sulphate) indicate negative 

impacts from drought, in particular in the upper parts of 

the soil profile (LFH - 40 cm mineral soil) . This was in 

contrast to the NS-treatment, which caused a superficial 
fine-root distribution, the fine roots in the drought treat

ment were distributed more intensively in the deeper soil 

horizons. 

A sufficient water uptake by some parts of the root 

system can provide the necessary water for the whole tree. 

Therefore, some roots of the same root system may grow 
through dry zones when water uptake and supply is guar

anteed by other roots. In dry soils, as in the case of the 

drought experiment mentioned above, roots have a ten

dency to grow towards more humid zones. In dry sites the 

whole soil profile appears to be more occupied by fine 

roots than in wet sites, although the total fine-root produc

tion may not differ significantly (cf. Santantonio 1 979; 
Puhe et al. 1 986). 

Other abiotic factors 

Root growth is the result of metabolic processes and is 

therefore regulated by soil temperature. Investigations of 

the effect of soil temperature on root growth are compli

cated since the growth rate depends not only on tempera

ture, but also on soil moisture and shoot development. 

Most authors agree that optimal temperatures for root 

growth are lower than those for shoot growth of the same 

species (Lyr & Hoffmann 1 967). In general, however, 
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increases in soil temperature stimulate the growth rates of 

roots and accelerate their maturation (Marshal & W aring 

1985). 
Roots are forced to penetrate large soil volumes, often 

against mechanical resistance of densely packed soil lay

ers (cf. Clemensson-Lindell et al . 1992). In forest stands, 

tree roots, therefore, often follow old root channels formed 

by dead and decaying roots. Root members in compacted 

soil are often less branched and have thicker long root 

tips, compared to normal conditions. In a mixed forest 

stand (two to three species or more, the tree-root system 

overcomes the soil resistance better and grows deeper 

than in monocultural forests. Ability of roots to overcome 

soil pore resistance is often related to soil oxygen content 

(Zahner 1 968). Excess water in forest soils can influence 

root growth adversely when the water has a low oxygen 

content. If water moves and contains sufficient oxygen, 

however, roots of Norway spruce, known for their intoler

ance of anaerobic conditions, can survive for many years 

below the water table (Paavilainen 1 966). 
Chemical toxicity in the forest soil may occur as a 

result of human activities (cf. Clemensson-Lindell et al. 

1992; Gobran et al. 1990; Majdi & Persson 1989). Thus, 

as a consequence of soil acidification, a destabilisation of 

the root systems has been observed (Puhe et al. 1986; 
Majdi & Persson 1 995). The most important soil-medi

ated factors which cause a reduction in fine-root growth 

and mycorrhizal development are: (i) high nitrogen/cation 

ratios and (ii) aluminium (AI) toxicity, viz. elevated Al/ 

cation ratios, leading to an increased sensitivity of the root 

systems to environmental stress (drought, wind-break, 

nutrient shortage, etc.) .  Root damage, in this context, may 

underline a predisposing stress, thus reducing water and 

mineral nutrient uptake. 

Future root investigations 

Many major environmental problems result from the lack 

of understanding of the part played by tree roots, in the 

total carbon flow (Persson 1 991 ) .  New pathways of car

bon and mineral nutrient cycling require further assess

ment. Some important areas for future root investigations 

in forest ecosystems are: (i) Carbon and mineral nutrient 

allocation pattern in trees ; (ii) How long do the nutrients 

remain in any of the below-ground compartments (i.e. the 

resistence time)? (iii) Are there physiological differences 

between young and old trees in the growth dynamics of 
fine roots? (iv) Links between soil, rhizosphere and fine

root chemistry; (v) Exudation from tree roots; (vi) The 

uptake by mycorrhizal roots; (vii) The pattern of distribu

tion and movement of water in the forest soil and in the 

rhizosphere; (viii) The rate of decomposition of dead fine 

roots. 
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The ecological importance of root systems in the wood

lands of Central Africa and in the desert plants of Oman 

Raymond M. Lawton 

Abstract 

Lawton, R.M. 1996. The ecological importance of root systems in the woodlands of Central 
Africa and in the desert plants of Oman. - Acta Phytogeogr. Suec. 8 1 ,  ISBN 91-72 10-08 1-8.  

The morphology and pattern of root systems often determines the dynamic ecology of natural 
forests and woodlands. Dry season grass fires are of ecological importance in the miombo 
woodlands of Central Africa. Coppice colonies of Uapaca spp. ,  an understorey tree, suppress the 
grass and provide a fire-free habitat for the regeneration of the canopy ( Brachystegia/ Julbemardia) 

species. The horizontal root systems of Uapaca spp. form an open network that enables the tap 
roots of the canopy species to penetrate the soil profile. In the drier deciduous Baikiaea plurijuga 
forests, a mat formed by the thicket understorey root systems prevents the tap roots from 
penetrating the soil profile, and seedlings of Baikiaea die during the dry season. The deep tap 
root and absence of lateral roots of Faidherbia albida make it possible to cultivate under the 
trees. The seed of Prosopis cineraria, an important desert tree, germinate rapidly after a storm, 
and the tap root grows at the rate of 2 cm per day. Dark green ground flora under the crowns of 
P. cineraria may indicate the presence of mycorrhiza. 

Keywords: Central Africa; Desert plant; Ecology; Miombo; Mycorrhiza; Oman; Root system. 

Mulberry House, Stanville Road, Cumnor Hill, Oxford OX2 9JF, United Kingdom. 

Introduction 

The dynamic ecology of natural vegetation is partly deter

mined by the morphology and pattern of the root systems. 

Although plants have their own characteristic root sys

tems, these are influenced by the interaction of a number 

of environmental factors, including the physical, chemi

cal and geological properties of the soil, the topography, 

aspect and climate. The morphology of roots plays a role 

in the phenology of plant communities, in which the 

climatic factors of temperature and rainfall are important. 

The mycorrhizal associations, situated in the fine roots, 

are an essential part of the nutrient cycle of plant commu

nities, particularly as the fine roots are in a state of flux. 

The aims of the present investigation were to determine 

the pattern of root systems in natural tropical woodlands 

and forests, and then to identify the effect of these patterns 

on the dynamic ecology of the natural communities. This 

knowledge can then be applied to the management of the 

woodlands. 
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The Central African woodlands 

In the miombo woodlands of Central Africa, the annual 

rainfall ranges from 800-2000 mm and falls over a 5 
month period, followed by a 7 month dry season. The 

ground flora is dominated by tall grasses and conse

quently dry season fires are an important ecological fac

tor. 

Species of the genus Uapaca form communities or 

colonies of coppice that suppress the grasses and provide 

a fire-free habitat for the regeneration of the main canopy 

species, Brachystegia and Julbernardia (Lawton 1978a) 

(Fig. 1 ) .  The Uapaca spp. have a horizontal root system at 

a depth of c . l0-20 cm, with occasional sinker roots, so 

that many of the coppice shoots in a colony are a single 

plant (Fig. 2) . The horizontal root systems form an open 

network that enables the tap roots of the canopy species to 

grow through the gaps and penetrate the deeper layers of 

the soil profile. 
The large tap roots of Brachystegia and Julbernardia 



Fig. 1 .  Coppice colony of Uapaca 

kirkiana in miombo woodland, 
north-eastern Zambia. 

spp. and some of the other canopy species, probably store 

water. This may be why the canopy comes into leaf and 
flowers in mid-August, when the temperature rises, al

though this is at least two months before the beginning of 

the rains. The morphology of the root systems therefore 

determines the phenology of the woodland, and the pat

tern of the root systems determines the dynamic ecology. 

(Many of the miombo root systems have been illustrated 

by Timberlake & Calvert 1 993). 

In the dry deciduous Baikiaea plurijuga forests that 

grow on the Kalahari sands south of the miombo wood-

Fig. 2. The horizontal root systems 
of Uapaca spp. Miombo wood
land, north-eastern Zambia. 

R.M. Lawton 25 

land, there is a well developed thicket understorey. The 

roots of the thicket form a dense mat at a depth of ea. 20 

cm and the tap roots of Baikiaea and other canopy species 

are unable to penetrate the mat; consequently, the seed

lings die during the dry season. 

Under what conditions were the present canopy spe

cies established? One theory is that in the past, large herds 

of elephant passed through the forest and trampled, up

rooted and browsed the thickets, thus creating gaps where 

the canopy species were able to regenerate (Mitchell 

1 96 1 ;  Lawton 1986). Elephants now only exist in small 
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26 Ecological importance of root systems in woodlands 

numbers and no longer have any ecological impact on the 
vegetation. Fire protection has failed to establish the 
regeneration of the forest. If small gaps were created by 
the removal of some of the thicket species, the tap roots of 
the canopy species would be able to penetrate the soil 
profile. 

Acacia spp. are common in the drier tropical wood
lands where the rainfall is usually less that 500 mm per 
annum. The root system of Faidherbia albida (Del.) A. 
Chev (Syn. Acacia albida) was excavated; although the 
stem had been coppiced a number of times, the diameter at 
the root collar was 5 cm and the tap root descended to a 
depth of over 287 cm ( 1 1 3  inches), without any lateral 
roots (Fig. 3A). This species has an unusual ecology; it is 
leafless during the rains and comes into leaf at the begin
ning of the dry season. Because there are no lateral roots, 
it is possible to cultivate and grow crops under the crowns 

A 

B 

Fig. 3. (A). The tap root of Faidherbia albida, 287 cm long, with 
no lateral roots. Mount Makulu Agricultural Research Station, 
Chilanga, Zambia.- (B) .  Seedling of Prosopis cineraria. Shoot 
2.5 cm, root ea. 1 2  cm. Seedling 5 days old south-eastern Oman. 
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Fig. 4. The root system of Cyperus conglomeratus. Note the 
cemented mantle of sand grains around the roots. Central Oman. 

of the leafless trees. During the dry season, after the crops 
have matured and been harvested, cattle browse the leaves 
and nutritious pods under the shade of the F. albida, and 
enrich the soil with organic matter. An agricultural system 
is based on the unusual characteristics of F. albida and is 
practised in the Sudan (Robertson 1 964; Radwanski & 
Wickens 1967) and in East and West Africa (Shepherd 
1 992). 

Mycorrhizal associations 

The formation of mycorrhizal associations is an essential 
feature of forest and woodland ecology (Hogberg & Piearce 
1 986). The fungi supply the trees with phosphorus and 
other nutrients (Hogberg 1982, 1986, 1 989; Newbery et 
al. 1 986) ; they are located in the fine roots (Persson 1980) 

and are in a state of flux, continually growing and dying. 
Most of the nutrients will be taken up by the plants and re
cycled, but some will enrich the soil. As the natural 
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Fig. 5. Dark green ground flora under crown of Prosopis cineraria. Central Oman. 

sources of phosphates are finite, this may be an important 

factor in the maintenance of soil fertility in the future. 

In Southern Malawi, where most of the miombo has 

been cleared and the land is under cultivation, an attempt 
was made to grow Uapaca kirkiana (Muell.)  Arg. as a 

shelterbelt tree along the contours, but it failed to grow 

until the soil was inoculated with soil from a remnant 

patch of miombo woodland (Maghembe 1 992 pers . 

comm.). It then grew 2 m in a year, presumably due to the 

introduction of a mycorrhizal fungus from the woodland 

soil. 

The rain forest trees and the miombo canopy ( Brachy

stegia/Julbernardia) form ectomycorrhizal associations 

(Hogberg & Piearce 1 986). In the rainforest canopy there 

are species of Brachystegia and Julbernardia and it is 

suggested that these genera probably originated in the 

rainforest, and migrated south to create the miombo wood

lands. 

Some species may have either ecto or vasicular

arbuscular (V I A) mycorrhizal associations (Hogberg 

1 989). Uapaca spp. may have both types of mycorrhizal 

associations ;  this may indicate their important role in the 

dynamic ecology of miombo. In the drier woodlands, 

Acacia spp., Baikiaea plurijuga and Prosopis spp. form 

V I A associations and some of them nodulate (Hogberg 

1 989). 

The desert plants of Oman 

Large tussocks of Cyperus conglomeratus Rottb. are com

mon in the sand dunes of Oman. The roots are surrounded 

by a sheath or mantle of cemented sand grains (Fig. 4) 

(Lawton 1978b). During the night, dew is precipitated by 

the leaves of the plant, and the moisture drains into the 

root systems. The mantle conserves the moisture and 

protects the roots from desiccation. 

Prosopis cineraria (L.) Druce. is an important tree in 

the deserts of Oman; its root systems help to stabilise parts 

of an extensive area of ancient sand dunes. The seed of P. 

cineraria germinates within a few days following a good 

storm, and the tap root descends rapidly. Five days after a 

storm the cotyledons appeared on the sand surface. Below 

the cotyledons there was a white stem ea. 2.5 cm long 

down to the root collar. The brown tap root was at least 12  

cm long, with a number of  fine roots (Fig. 3B ) .  The rate of 

growth of the tap root was about 2 cm per day. In the 

natural environment most of the seedlings are destroyed 

by browsing animals, but if the animals are excluded by 

fencing, some of the seedlings will survive, particularly if 

the initial storm is followed by a number of further storms. 

A seedling of Acacia tortilis (Forssk.) Hayne, another 

common desert tree, had a shoot of 3 cm and a root of 45 

cm. The rapid growth of the tap root of desert trees is 
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essential if they are to survive and become established. 
Under the crowns of P. cineraria it was noted that the 

ground flora, mainly Zygophyllum spp.,  was dark green, 
whereas away from the tree it was yellow (Fig. 6) . The 
precipitation of dew from the crown may be partly respon
sible, but the presence of V I A mycorrhiza in the root 
system of the tree has probably supplied the ground flora 
with nutrients. 

Conclusions 

The dynamic ecology of the miombo woodlands of Cen
tral Africa is partly determined by the pattern of root 
systems, and the regeneration of the canopy species in the 
dry deciduous forests is influenced by the root systems of 
the thicket understorey. 

The morphology of roots has an influence on the 
phenology of woodlands, and in the case of Faidherbia 

albida it has determined an agricultural system. Mycor
rhizal associations play an important role in the nutrient 
cycle of natural vegetation. The tap roots of desert tree 
seedlings have a rapid rate of growth, which is necessary 
if they are to become established. 
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Fine-root development of Que reus robur L. 

in the V oronezh region of Russia 

Vladimir V. Mamaev 

Abstract 

Mamaev, V.V. 1996. Fine-root development of Quercus robur L. in the Voronezh region of 
Russia. - Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 9 1-7210-08 1 -8 .  

The growth activity of  fine roots of  oak (Quercus robur L.)  during the growth season was studied 
under varying soil-water conditions in three upland and flood-plain oak stands in the forest

steppe zone (in the Tellermann forest, the Voronezh region, Russia). The fine-root growth 
occurred in short time intervals without any regular seasonal growth pattern. During moist years 
the growth period was prolonged. In most cases the prolonged growth activity resulted in a 

substantial production of new mycorrhizal roots. No synchronous root growth pattern was 
observed between dry and very moist years, the losses of fine roots were induced by unfavour

able environmental conditions. 

Keywords: Common oak; Drought; Fine roots; Forest steppe; Root growth. 

Institute of Forest Sciences, Russian Academy of Sciences, Uspenskoye, Moscow Region, 

143030, Russia. 

Introduction 

It is known that fme roots physiologically are the most 
active parts of the root systems (Persson 1 992). Studies on 
the development of young absorbing roots, as well as 
studies on fine-root mortality and respiration are most 
important in ecosystem research. However, so far, not 
much information is available from the Russian forest
steppe. These kind of data are urgently needed for under
standing the biology of the growth processes and for 
elucidating the mechanisms of survival and decline in oak 
stands of the forest-steppe, which have a continental hot 
and dry climate, influenced by arid winds (Zonn 1 950) . 

The present investigation was initiated in order to study 
those problems. 

The present investigation on the root systems of oak 
(Quercus robur L.) was conducted in the Tellermann 
forest situated in the south-eastern part of the Voronezh 
region, on the border between forest-steppe and steppe. 
Field work was carried out in 1987 until 1992 in three 
middle-aged oak forest stands, two of which were upland 

oak stands, of the goat-weed-sedge and solonetz (salt 
affected) types; the third one was of the lily-of-the-valley, 
dewberry flood-plain type. The oak stands differed from 
each other in a stem wood productivity of 245, 100 and 
280 m3 ha-1 ,  respectively. 

Material and Methods 

The investigation was focused upon the continuously 
renewing oak fine roots, which rarely develop secondary 
structures. The fine roots were represented exclusively by 
mycorrhizal roots with a smooth mycelial sheath. Ap
proximately 85% of these roots were distributed within 
the humus soil horizon, the thickness of which in various 
oak stands (goat-weed-sedge, solonetz and lily-of-the
valley, dewberry) was 40, 8 and 40 cm, respectively. This 
soil horizon is characterised by varying water regime and 
its water potential depends almost entirely on the rainfall. 
Under these conditions small mycorrhizae of predomi-
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Fig. 1 .  Seasonal changes in fine-root biomass (g m-2) of young oak fine roots in years with varying precipitation (1987: 1 67 mm, 1989: 

242 mm and 1 99 1 :  124 mm; from June to August). 

nantly 0.2 to 0.4 mm in diameter are formed. However, in 
moist years mycorrhizae of 0 .6 mm in diameter or larger 
are frequently found. 

The oak roots were taken from core samples of a fixed 
volume (Orlov 1967). This method was quite satisfactory 
for the regular recording of fine mycorrhizal roots in the 
forest-steppe soils, because of the short periods of their 
formation. The standard error for five cores in the indi
vidual stands was 6 to 22% of the means. A relatively 
larger variation was observed in moist years. 

The equally spaced cores, which were 8 cm in both 
diameter and height, were extracted layer-by-layer down 
from the humus layer, in typical forest stands. The sam
ples were immediately placed in water and taken to the 
laboratory where the roots were washed out by hand. 
Under a binocular microscope young growing oak roots 
were distinguished from old oak roots and the roots from 
other woody and herbaceous plants. The root samples 
were oven-dried and weighed. Detailed sorting and a 
complete characterisation were performed mainly during 
the period of high growth activity. The roots were regu
larly inspected by the extraction of cores from various 
depths of the humus layer. Within each field season at 
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least 500 cores were examined. Overall, identification of 
the time periods of biomass increase was essentially 
simplified due to synchronous large-scale formation of 
new roots. 

Results and Discussion 

Our results demonstrate (Fig. 1) how the seasonal changes 
of fine-root biomass during the different years are related 
to the amount of precipitation. In the summer periods of 
1987, 1989 and 199 1  the rainfall was 167, 242 and 124 

mm, respectively. Thus, 1987 can be considered as a year 
of moderate rain fall, 1 989 as a moist and 199 1  as a dry 
year. The increase of the root biomass mainly occurred 
due to the large-scale formation of new mycorrhizal root 
endings. These unsuberised and light coloured new roots 
differ clearly from old roots. After 1 .5 to 2 weeks they 
successively began to increase in diameter and changed in 
colour from light brown to dark-brown. 

This process of suberinisation of the primary cortex is 
well-documented. Under our conditions we were able to 



reveal these short-lasting periods of increased growth 

activity of the fine roots with low spatial variation. How

ever we were unable to find a regular periodicity of fine 

root growth over a series of years. Mostly, the growth 

began in May in the humus layer. However, in 1 989, after 

a relatively warm winter, the growth started in late March 

in the uppermost humus layer. At that time soil tempera

ture at a depth of 5 cm in the humus layer was + 1 to +4 oc 
and no root growth occurred in the poorly aerated and 

moist soil, at a depth below 1 0  cm. Later on, each period 

of fine-root growth started almost simultaneously along 

the full length of the humus layer. A decrease in the 

biomass of recently formed fine roots was observed under 

rather favourable autumn weather conditions, before the 

frost began. 

Our attempt to relate the development of new fine 

roots to rainfall and soil moisture failed. Therefore we do 

not present data on the soil moisture distribution during 

the different seasons. The amount of precipitation had a 

less pronounced effect on the appearance of fine roots 

than on their life span. One may conclude from our 

observations that drier soil resulted in a faster suberisation 

of the primary cortex of the roots, a smaller root diameter 

and shorter life span of the individual roots. The periods 

of root formation were shortest in dry years, and longest in 

humid years. In humid years various mycorrhizal clusters 

were developed, and the root endings themselves were 1 .5 

to 2 times longer than usual. 

The variations in growth activity reflect the seasonal 

changes in formation of new roots. This is clear from the 

coincidence of the peaks of growth activity in the upland

and flood-plain oak stands. The lack of synchronisation in 

the extremely dry or humid years suggests varying growth 
mechanisms in different oak stands. For example, in 1991 

the fine root systems of the oaks in the flood-plain stands 
broke because of soil cracks caused by drought. At this 

time the growth processes began in the deeper layers of 

the soil. Thus, we found rapid fine-root development in 

the soil profile below 20 cm, where dense clusters of fine 

roots were formed. 

In the dry year of 1 99 1 ,  fine-root biomass decreased in 

V. V. Mamaev 3 1  

all oak stands. In the flood-plain oak forest the pattern of 

growth dynamics of the fine roots was quite different, 

being more closely related to the summer rainfall, than in 

the upland oak stands. Unlike the upland oak stands, the 
flood-plain oaks did not develop deep roots during dry 

periods, for water supply to the trees. The effect of pre

cipitation on root growth may be traced retrospectively 

over a number of years. Root respiration, however, is 

more directly related to soil moisture. Soil water deficit is 

accompanied by a gradual drop in fine-root respiration 

(Zholkevich et al . 1989). 

In conclusion, an increase in the absorbing apparatus 

occurred mainly through the short lasting formation of 

numerous fine roots, which constitute a considerable bio

mass increase. The periods of active fine-root growth 

frequently alternate with those of inactive growth, which 
may or may not be related to water deficit in the soil. 

However, in the years with higher rainfall, periods of 

inactive growth are not always clearly distinguishable, 

although the development of new roots proceeds at vary

ing degrees. During rainy years the annual production of 

fine roots reaches its maximum. 
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The root system of Juniperus communis L. in a sandy soil 

in Central Hungary 
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Abstract 

Kanisz, I. 1996. The root system of Juniperus communis L. in a sandy soil in Central Hungary. 
- Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 9 1 -721 0-08 1-8.  

The root system of common juniper (Juniperus communis L.)  was studied in a Juniper-White 
Poplar (Junipero-Populetum albae) stand in Kiskunsag National Park, Central Hungary. Roots 

were completely excavated using a gradual excavation method. The excavated specimen was 94 
years old, 4.3 m high and exposed south-east on a sand hill. 

The root distribution, both vertically and horizontally, was recorded in line diagrams. The 
length and the dry weight of the roots were measured in diameter categories. The root system was 
extensive, asymmetric and shallow (average depth: 10 cm); most of the roots had grown in the 
direction of the dip between the sand hills, and few grew towards the top of the sand hill. The root 

network penetrated the upper region of the soil extensively; total root dry weight = 1 1  kg, 
volume = 22 dm3 and the total root length = 625 m. 

Keywords: Common juniper; Root distribution. 

Eszterhdzy Kdroly Teachers ' Training College, Department of Environmental Science, Eger, 
PB 43, H-3301, Hungary. 

Introduction 

The common juniper (Juniperus communis L.) is a circum

boreal species, widespread across the northern hemisphere. 

It shows great ecological adaptability. It is tolerant of 
extreme climates and it is not specialised as to soil. Its 

habitat extends from lowlands to subalpine regions of the 

high mountains. Though its root system is probably im
portant for its adaptability, it has scarcely been studied. 

Lemaire ( 1992) studied the substrate sensitivity and shoot/ 

root ratio of an ornamental variant (J. communis 'Sky 

rockett' ) ;  Farag6 ( 196 1)  studied the structure of the juni

per root system under natural conditions in a sandy habitat 

and data on root systems of juniper specimens excavated 

from a gritty soil were published by Zay ( 1984). 

The aims of the present study were to map the root 

expansion of common juniper and to determine its posi

tion in both horizontal and vertical directions. 
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Material and Methods 

In Hungary the common juniper is found in both flat and 

hilly regions. In wooded low land, on the ridge of the sand

hills between the Danube-Tisza rivers, poplar and juniper 

(Junipero-Populetum) are typical woodland species. The 

common juniper is found as an accompanying shrub spe

cies in medium high mountains, mainly in calciphobic 

forests, in some places in karst-shrubbery ( Cotino

Quercetum, Cesdro-Quercetum), in dry oak forests ( Omo

Quercetum, Como-Quercetum, Quercetum pubescenti

cerris, Tilio argenteae-Quercetum), but rarely in beech 

forests with hornbeam trees (Melitti-Fagetum). 

On the Hungarian Great Plain between the Danube

Tisza rivers, within Kiskunsag National Park, 'the ancient 

juniper grove of Bugac' , the root-system of a 94-year-old 

juniper specimen was examined in 1 984 by means of a 

complete root excavation (see Fig. 1 ) .  This part of the 

Great Plain is characterized by sand originating from the 

Danube-valley. The prevailing north-western wind had 



Fig. 1 .  Junipero-Populetum (Juniper-White Pop
lar) plant community at Bugac (Central Hungary). 

resulted in the formation of the sand-hills in a north-west/ 
south-east direction by the end of the Pleistocene and 
throughout the Holocene. 

Although the major part of the former wind-blown 
sand is bound by vegetation, some sand movement is still 
observed. The differences in height of the sand hills are 
often several metres, at certain places they exceed 20 m. 
Under the 10-20 m thick sand layer yellow soil (loess) can 
be found (T6th 1 979). 

The somewhat humic, sandy soil type of the study area 
showed typical characteristics of wind-blown sand, such 
as an undifferentiated soil profile, alkaline reaction, me
dium carbonate content, little organic matter and clay
content. In the shade of the juniper, other plant species 
occur (Festuca vaginata and lichens). 

The climate of the region is temperate continental. 
The mean annual temperature is 10- 1 1  oc and the annual 
precipitation is 550 mm. The main climatic characteristics 
are the low amount of clouds, much sunshine (2000-21 00 

hours/year), large daily and annual fluctuation of the 
temperature, relative dryness and atmospheric humidity 
of about 74 % (T6th 1 979). 

The excavated juniper grew at the side of a sand-hill. 
Its height was 4.27 m, the projection of its canopy was 2.6 

m2. Out of seven aerial shoots three were dead, and four 
were still alive. The thickest shoot was 7.5 cm measured at 
the collar. The distance between the investigated speci
men and the nearest juniper was 2 m, the latter standing 
higher up the hill. In the direction of the foot hill there was 
a 10 m area without vegetation. The excavation was 
carried out using a gradual digging-up method (cf. Kanisz 
1984). The positions of the roots, both in horizontal (spread
ing) and in vertical (penetrating) directions were recorded 
in line diagrams. To determine the weight, volume and 
length of the roots, all roots were taken and dried at 85 °C 
until constant weight was obtained. The measurements 
were performed in diameter categories. 

Results and Discussion 

I. Kdrdsz 33  

The horizontal distribution of  the root system of  the 
excavated common juniper specimen is shown in Fig. 2 

and the depth penetration in Fig. 3. The data of weight, 
volume and length are in Table 1 .  In sandy soils the 

Fig. 2. Horizontal distribution of the root system of Juniperus 

communis. 
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Fig. 3 .  Vertical distribution of the root system of Juniperus communis. 

juniper develops a shallow, extensive root system. About 
70% of its roots are found in the upper 10- 15 cm region of 
the soil. The studied specimen developed an asymmetri
cal root-system. The roots extended mainly in the direc
tion of the hollow between the sand hills, and were as long 
as 7 m. 

This observation does not support the statement of 
Farag6 ( 1 96 1 )  that " the position of the lateral roots of the 
juniper is concentric at every habitat". This statement may 
relate to specimens growing on sandy soil on a flat area. 
The greatest horizontal spreading of the juniper root in 
this study is 10 m (Fig. 2). 

The maximum penetration is 98 cm, but less than 1 % 
of the roots reached this depth. It is remarkable, that few 
roots grew towards the other juniper at the top of the hill. 
One reason is probably competition between the two 

Table 1. Root data on one excavated Juniperus communis (94 

years old, at Bugac). 

Root diameter Dry weight Volume Length 
(mm) (g) (cm3) (m) 

< 1 .0 55 1 1 886 377 
1 .0 1 -3.0 3 1 0  702 70 
3.0 1-5.0 590 2325 6 
5.01-7.0 870 2769 4 
7.01 -9.0 499 101 1 4 
9.01 - 1 1 .0 1 80 346 3 
1 1 .01 - 13.0 390 523 6 
1 3.01 - 1 5.0 199 28 1 2 
1 5.01-17.0 107 1 50 1 
1 7.01 -20.0 561 1038 5 
> 20.0 2458 4300 5 

The stump 3939 7020 
Broken fragments 429 

Total: 1 1082 22350 625 
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specimens. Another reason may be, that precipitation 
running downwards along the soil surface ensures a more 
favourable water and nutrient supply than at the top of the 
hill (Fig. 3) .  Fig. 2 shows that new perpendicular roots 
often branch off from long, lateral roots. The root net
work, spread in the upper level of the sand, prevents or, at 
least moderates the sand motion. 
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Root systems of Crataegus L. 
in the Trans-Ili Ala tau, Kazakhstan 
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Kokoreva, 1.1. 1996. Root systems of Crataegus L. in the Trans-Ili Alatau, Kazakhstan. 

- Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 9 1 -72 10-08 1-8 .  

Hawthorn species ( Crataegus L. ), together with Malus sieversii (Ledeb.) M. Roem andAnneniaca 
vulgaris Lam., form one of the most common types of fruit-bearing woods of the Trans-Ili 

Alatau, Tien-Shan. The root system of Crataegus almaatensis Pojark. (Almaty hawthorn) and C. 
songorica C. Koch (Dzhungarian Hawthorn) were studied in extensive populations. The mor

phological features of hawthorn roots were described especially considering differences due to 

environmental conditions. 

Keywords: Hawthorn; Mountain forest; Root morphology; Rosaceae; Tien-Shan. 

Laboratory of Ecological Morphology, Institute of Botany and Phytointroduction NAS RK, 
Timirjazev Str. 46, 480070 Alma-Ata, Republic of Kazakhstan. 

Introduction 

The unique fruit-bearing forests of the Trans-Ili Alatau 
consist mainly of Malus sieversii, Armeniaca vulgaris 
and three Crataegus species, namely C. altaica Lge., C. 
almaatensis and C. songorica. These species dominate 
the plant communities, in varying degrees, depending on 
prevailing environmental conditions (Popov 1 934; Popov 
et al. 1 935 ;  Polyakov 1 948 ; Vavilov 196 1 ;  Proskurjakov 
et al. 1986) . The high value of wild apple and apricot for 
food supply first determined the study of the biology of 
these species (cf. Rodionov et al. 1976; Djangaliev 1 977 
and other authors). The interest in investigating the root 
morphology of these species has recently increased con
siderably (cf. Baitulin & Djardemaliev 1980; Baitulin et 
al . 1990; Gusak 1 993). 

The aim of the present investigation was to describe 
the development of the root system of two Crataegus 

species, based on data recorded in their natural habitats. 

Material and Methods 

The root systems of two important forest-forming trees, 
Crataegus songorica C. Koch and C. almaatensis Pojark 
were studied and described. The fruit-bearing woods on 
the northern slopes of Trans-Ili Altau are situated at a 
level of 1000 m above sea level. 

The investigated forest may be described as a mixed 
apricot-hawthorn-crab apple woodland with Acer seme

novii Regel and Berberis sphaerocarpa Kar. et Kir. The 
soils are mainly of a clayey chernozem type, covered by 
an organic horizon from 0-40 cm. 

The fieldwork comprised dry digging and drawing of 
the root systems in a scale 1 :  10 (Taranovskaya 1 957). 
Hawthorn specimens in their initial ontogenetic stages 
were also studied. 

Results 

The hawthorn root system is characterised by powerful 
lateral roots which penetrate to a depth of 4 m for Crataegus 
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Fig. 2. The root system of Crataegus almaatensis. A =  genera
tive stage; B = the end of the tap root. 
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Fig. 1 .  The root system of Crataegus 
songorica. 

for C. almaatensis. It can either branch and bend sharply 
or extend down vertically, depending on the density of the 
soil. The characteristically curved shape of the roots can 
be observed even in juvenile stages (Fig. 3) and remains in 
mature plants, facilitating anchorage for the shrub on the 
mountain slopes. Juvenile specimens develop lateral roots 
of the first order at a depth of 3-5 cm. During this stage 
more dry weight accumulates in the root system than in 
the above-ground parts of the plant. The lateral roots 
ramify until the third order and penetrate to a depth of 17-
1 9  cm, while most fine roots occur at a depth of 5- 1 2  cm 
(Fig. 4). 

The root system which forms a powerful 'paw' is 
shallow and the lateral roots extend a considerable dis
tance from the tap root, parallel to the soil surface, for 5-
6 m for C. almaatensis and up to 5 m for C. songorica. The 
lateral roots develop ramifications of the first order with a 
diameter of up to 8 - 12  cm for C. songorica and 4-5 cm for 
C. almaatensis. The roots of C. songorica with a basal 

Table 1 .  Morphological characteristics of the root systems of 

Crataegus songorica and Crataegus almaatensis. 

Parameters C. songorica C. almaatensis 

I .  Depth of penetration of the tap root (m) 4.0 6.0 

2. Radius of spreading (m) 5.0 5 .0-6.0 

3 .  Degree of ramification VII VI 
4. Number of lateral roots 6 2 

5. Diameter of basal parts: 

- the tap root (cm) 1 1 .5 1 0.0 

- the adventitious roots (cm) 1 .5-5.0 6.0 

- the lateral roots 1 st order (cm) 4.0-6.0 5 .0 

6.  Zone of most intensive ramification (cm) 42-60; 1 30- 150 139 
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Fig. 3 .  The root system of Crataegus almaatensis (juvenile 
stage). 

diameter of 1 2  cm grow horizontally along the slope to a 
length of 3.5 m and down the slope to 2.4 m. For this 
species the most intensive root ramification is observed at 
a depth of 7-22 cm, the degree of ramification reaching 
the seventh order. 

The fine roots of C. songorica form a very dense 
' sponge' on the basal part of the roots in the A2 horizon 
and develop rectangular bendings, directed towards the 
soil surface. A considerable part of the fine roots is 
concentrated in the central part of the root system; in the 
apical parts of the tap root, the lateral roots of the first 
order and the aclvcntitious roots. Most fine roots of C. 
almaatensis are located in the apical zone of the skeletal 
roots. The bending of the roots form either a winding, 
sinuous or wavy-curved profile for both species. Forms 
resembling cranks or elbow-shaped bends, staples, shack
les and half-rings, also occur. 

Discussion 

The root system of hawthorn in the Trans-Ili Alatau is 
characterised by the powerful tap root and the lateral root 
system with a wide radial expansion, the high degree of 
ramification and the presence of a considerable absorp
tive apparatus;  the position of which depends, however, 
on ecological factors. The optimal formation of fine roots 
takes place in loose, humus-rich soils. The differentiation 
of roots into horizontal and vertical positions and the 
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Fig. 4. The root system of Crataegus almaatensis (immature 
stage). 

degree of winding are influenced by density of the soils. 
A characteristic of hawthorn is the basal section of the 

tap root which develops during the first ontogenetic stages 
and is retained throughout the life of the plant. Other 
mountain plants, having similar tap roots have not yet 
been recorded. 
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Growth of tree roots under heavy metal (Pb-) stress 

Siegmar- W. Breckle 

Abstract 

Breckle, S.-W. 1 996. Growth of tree roots under heavy metal (Pb-) stress. - Acta Phytogeogr. 
Suec. 8 1 ,  Uppsala. ISBN 91-7210-08 1 -8. 

In oblique root-boxes the development of the root-system of European beech saplings was 
recorded. The root-boxes were filled with soil distinctly contaminated with heavy metal (Pb). 
Three layers with differing heavy metal contamination were applied. Root architecture (branch
ing and root laterals development) exhibited distinct changes according to the level of heavy 
metal stress. Root recovery and root growth pattern is not only influenced by the present stress 
situation at the root-tip but also by the preceding growth situation of the root. 

Keywords: European beech; Rhizotron; Root architecture; Root lateral; Stress recovery. 

Department of Ecology, Faculty of Biology, P. O. Box 100131, D-33619 Bielefeld, Germany. 

Introduction 

Trees rarely grow on soils heavily contaminated with 
toxic heavy metals. Herbs, however, are still found on 
these soils. Investigations with European beech and Nor
way spruce have shown that roots of young trees react 
very specifically to heavy metal stress, and are able to 
recover in soil horizons with less contamination. This has 
far-reaching ecological consequences for natural root
systems. It has also consequences for the root systems of 
trees on polluted sites. 

In order to study root development under toxic heavy 
metal stress two approaches are possible. Almost the only 
way under field conditions is the mini-rhizotron tech
nique. In some cases entire root systems have been exca
vated by research-groups. A much easier way is to study 
root development in the laboratory under controlled con
ditions in rhizotron boxes, simulating field conditions and 
varying soil horizons. 

Firstly in this report we give some results from experi
ments, primarily to elucidate changes in root architecture 
under heavy metal stress, especially with Ph-contamina
tion and secondly we demonstrate the adaptability of the 
root systems to changing stress conditions. 

Material and Methods 

In root-boxes (50 cm x 80 cm, see Fig. 1 )  Fagus sylvatica 

seedlings were grown in Cd or Ph-contaminated soil. The 
soil was artificially contaminated with known amounts of 
Cd (N03)2 or Pb(N03)2 solutions by watering, stirring and 
drying for several weeks. The plant available heavy metal 
fraction was determined by 0, 1 M NH4Cl extraction at pH 
5 .  The total amount of heavy metals bound in the soil was 
about 3 - 5 times higher for Cd, about 8 - 20 times higher 
for Pb (see Table 1 ) .  

Rooting and side root branching was recorded daily. 
Biomass and heavy metal content of roots and shoots was 
analysed at the end of the experiments. 

Results 

The root growth of the primary root of Fagus sylvatica 

differed significantly depending on heavy metal contami
nation of the substrate. Fig. 2 gives the values of the daily 
root length increments of the primary roots. Low Ph
contamination of substrate ( 10  ppm Pb) yielded a slightly 
higher root growth than in control soil (with 3 ppm Pb), 
depending on the preceding soil horizon the root had 
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Fig. 1 .  Sketch of the root-boxes (rhizotron-pots) for observation 
of root growth in soil horizons that had been artificially contami
nated with heavy metals. 

grown through. The recovery rate after 50 ppm Pb stress is 

higher than after 23 ppm Pb stress (Fig. 2). 

Not only primary roots show this growth behaviour. 

Secondary roots of the 1 st order (Fig. 3) and 2nd order 

(Fig. 4) also show a similar growth pattern under varying 

Ph-stress. High Ph-stress ( 1 00 ppm) reduced growth 

Table 1 .  Artificial contamination of soil substrate for experi
ments with soil horizons in rhizotrons. 

Intended concentration of Pb 0 1 5  30 60 1 20 

(ppm, plant available fraction) 

Actual concentration of Pb 3 1 0  23 50 100 
(ppm, plant available fraction: 
NH4-Acetate-extract) 

Total concentration of Pb 54 1 55 259 48 1 820 
(ppm, HN03-extract) 

Percentage of plant-available 5.0 6.3 8.7 1 0.5 12. 1 
Ph-fraction, extractable from 
total Ph-content 
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Dally Increments of primary roots 
o/o difference against control 

6 0 �--------------------��---------. 

4 0  
1 0  

2 3  

5 0  
- s o 1 0 0 

1 0 0 

Var i a n t  

. .... 1 • Jayer 2 D layer 3 

Fig. 2. Daily increment of primary roots of Fagus sylvatica 
seedlings:  difference of growth rates in percentages against 
control plants (3 - 3 - 3) .  

Dally Increments of secondary roots 
(1 . order) 
o/o difference lnst control e o .---------��--------------------. 

6 0  
1 0  

1 00 1 0 0 
- 1 0 Q L-L---L---L---L---L---L-----------� 

Var i a n t  

• J•yer 1 (B iayer 2 D layer 3 
Fig. 3. Daily increment of secondary roots ( 1st.  order) of Fagus 
sylvatica seedlings: difference of growth rates in percentages 
against control plants (3 - 3 - 3). 



Table 2. Shoot length reduction of Fagus saplings as a percent
age of the control after the experiment. 

Pb treatment in the 
3 horizons (ppm) 

[ 50 - 10 - 3] 
[ 23 - 10 - 3] 
[ 3 - 10 - 50] 
[ 3 - 10 - 23] 
[ 100 - 50 - 23] 
[ 23 - 50 - 100] 
[ 3 - 23 - 100] 
[100 - 23 - 3] 

% shoot length reduction 
in comparison with control [3-3-3] 

21 
8 
1 3  
8 

57 
20 
1 0  
57 

drastically and in some cases in resulted very short roots -

not reaching the 3rd or even the 2nd soil horizon. Shoots, 

however, exhibited a significant reduction in length in all 

treatments, as shown in Table 2. 

Roots reaching the 3rd layer exhibit a growth pattern 

which is partly influenced by the 1 st or 2nd horizon. 

As shown in Fig. 5, the length of the primary roots in 

15 cm (layer 1 )  is reached by those plants where the roots 

grow in low heavy metal soil in about 20 to 25 days. At 23 
ppm Pb this length is only reached after about 42 days, 

and at 1 00 ppm even after 50 days only about 8-9 cm root 
length is achieved. 

Daily increments of secondary roots (2. Qrder) % difference control 6 0 r-�--------�--------------------� 
1 0  

4 0 

1 0  

Var i ant 

- layer 1 - layer 2 

Fig. 4. Daily increment of tertiary roots (secondary ·roots of 2. 

order) ofF agus sylvatica seedlings: difference of growth rates in 
percentages against control plants (3 - 3 - 3).  
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Length of primary roots in  layer 1 (cm) 

o ��--�--�--��--�--��--�--� 
0 s 10 15 20 25 30 35 40 45 so 

days after start of experiment 
four variants and control (31313) 

3/3/3  """*-- 100/50/23 -e- 2 3 / 5 0 / 100 
--*"" 3/23/100  � 100/23/3 

Fig. 5.  Length of primary root of Fagus sylvatica seedlings 
within layer 1 (first number giving the concentration of Pb in 
layer 1); 4 variants and control (3 I 3 I 3) within 50 days. 

Length of primary roots in layer 3 (cm) 
20 - - - �--

. 

days after reaching layer 3 
three variants and control (31313) 

p p m  P b  
3 / 3 / 3  """*"" 100 / 5 0/ 2 3  

-e- 23/ 50/100 --b- 3 / 23 /100 

Fig. 6.  Length of primary root of Fagus sylvatica seedlings 

within layer 3 (third number giving the concentration of Pb in 
layer 3); 3 variants and control (3 I 3 I 3) 22 days from the day of 

reaching layer 3 .  Day 0 is the point at which the roots reached the 

top of layer 3.  
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Fagus seedlings grown in large rhizotrons 
Lead concentration in roots (ppm Pb) 

1 000 

8 00 

600 

400 

200 

0 

Layer 1 118 800 368 81 80 
Layer 2 103 2 9 1  192 1 7 2  1 7 0  Fig. 7 .  Pb concentration in  roots of 

F agus sylvatica seedlings growing in 
three different layers of substrate (with 
3 = control, 10, 23 or 50 ppm Pb; four 
variants and control [3 I 3 I 3]) .  

Layer 3 86 98 125 6 6 7  296 
Var iant  

- layer 1 �� layer 2 D layer 3 

When comparing root growth behaviour of the pri

mary root within the third layer (reached after 2-3 months), 

the 23 ppm Pb roots exhibit slightly better growth than the 

control roots (3 ppm Pb ), as is indicated in Fig. 6. It is also 

observed that the more stressed roots (23 - 50) show less 

of a reduction in growth after reaching the 100 layer than 

the roots coming from the 3 - 23 layers (Fig. 6) . Thus 

growth pattern is not only influenced by the present stress 

situation but also by the preceding growth situation of the 

root. 

The Pb uptake, expressed as Pb content in the roots of 

the three horizons, is proportional to that of the corre

sponding substrate (Fig. 7) .  A tenfold contamination, 

however, does not result in a tenfold root content, as is 

Table 3.  Total number of lateral roots per plant of various orders, 
percentage of short roots ( < 2 mm long) among all laterals and 
length of the unbranched main root of Fagus seedlings, grown 
for 40 days in rhizotron chambers under various plant-available 
Ph-concentrations (NH4-acetate-extractable fraction; partly from 
Noack & Breckle 1 987). 

Plant-available 3 10 24 44 238 
Ph-concentrations (ppm) 

Number of lateral roots 1 10 87 70 47 4. 1 
First order 1 27 195 1 89 1 80 1 .2 
Second order 1 .5 1 .0 9.6 14.0 0.3 

Total number of lateral roots 238 283 268 24 1 5.6 

Percentage of short roots 36.6 39.4 43.5 46.7 53 .8 

Length of main root from tip 35.4 37.6 33 .3  24.3 6.0 

to initial lateral (mm) 
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indicated for the three layers (Fig. 7) .  
In uniformly filled rhizotron boxes the root architec

ture with Pb and/or Cd soil contamination was tested. The 

number of laterals and the length of the main root from the 

tip to initial laterals differs according to Pb-stress. The 

branching of the root system increases and exhibits a 

maximal value for third order laterals with relatively high 

Pb contamination (in this experiment 44 ppm Pb level) ; 

10  ppm was the concentration with the highest total number 
of laterals (Table 3) .  

Discussion 

There is a clear indication that branching of the roots is 

more pronounced under heavy metal stress. In Table 3 the 

percentages of root types are shown. The increase of 

secondary roots of the 2nd order is very characteristic. 

Stunted root systems rather than more branching were the 

result of Al-stress in Trifolium pratense (Fitter et al . 

1 988). 
There is a clear indication that the growth history of 

the root, (the growth conditions of the preceding days or 

weeks) play an important role for adaptation of root 

growth. This is indicated by root growth behaviour shown 

in Figs. 2 - 6. This behaviour may well contribute to the 

great plasticity root systems exhibit in adaptation to eco

logical soil factors. Whether the hormonal balance plays 

the main role in the internal growth regulation and branch

ing processes remains obscure. 

The present day Ph-concentrations in forest soils and 

leaves close to industrial sites, highways, cities are in the 
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Table 4. Ph-concentrations (ppm) in soil and Fagus leaves from forests and from a pot experiment with contaminated soil showing first 
symptoms of toxic lead effects (Kahle & Breckle 1 985; Ellenberg et al. 1 986; Roder & Breckle 1 987) .  

Total Ph-content in soil 
(ppm DM) 

Plant available fraction of Pb (ppm) 
(NH4Cl- extracts) 

Total Ph-content in leaves of 
Fagus (ppm) 

Industrial area (Ruhr) 

Soiling (Lower Saxonia) 

Culture experiment with Fagus 

100-800 

300-465 

388 

same range of those causing the first toxicity symptoms in 

Fagus saplings, as is indicated in Table 4. 

It is,  however, very difficult to significantly show that 

present-day forests not only suffer from industrial gase

ous emissions but also from chronic heavy metal stress in 

the soiL Present day concentrations can only be reduced 

very slowly in natural stands. Individual plant response to 

heavy metal stress depends not only on dissolved heavy 

metal concentration but also on background concentra

tions of other ions in the soil solution (Davies 1 991 ) .  The 

responses of roots where complex soil chemistry, metal 

toxidity and mycorrhizal infection occur in the immediate 

vicinity of the root are very complex (Davies 1 991  ) . 

Conclusions 

Long-living lifeforms (especially woody plants, trees) 

have a disadvantage when growing on heavy metal con

taminated soils. This might be explained by chronic ef

fects on physiological processes of long-living plants. 

Fagus-saplings respond to Ph-stress in the range of 

actually occurring concentrations, when regarding the 

plant -available fractions (NH4 -acetate-extracts) . 

Fagus-saplings respond to Cd-stress in the range of 

concentrations at least one order of magnitude higher than 

those of actually occurring soil concentrations (except on 

specific mining sites; plant available fractions). 

F agus root systems change their architecture in re
sponse to Pb and or Cd stress to a more compact and 

branched root system. 

The ecological advantage of increased branching and 

thus forming a more compact, dense, but less extensive 

10-60 

10-30 

55 

6 - 15 

20 

2 

root system can be explained by the fact that cytokinine 

production as well as water uptake occur in root tips .  

These are key processes of roots neccessary for the whole 

plant and plant growth regulation. 

Uptake and transport of Pb to the shoot and leaves is 

very low, although Cd uptake is slightly more enhanced, it 

is still rather low. 
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Root growth and root architecture of non-halophytes under 

saline soil conditions 

Siegmar- W. Breckle 

Abstract 
Breckle S.-W. 1996. Root growth and root architecture of non-halophytes under saline soil 

conditions. - Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 9 1 -7210-08 1-8. 

Root systems of the non-halophytes Chenopodium album and Raphanus raphanistrum were 

checked for architectural changes under various salinity treatments up to 300 mM. Root 

increments, number and length of laterals were recorded. The relative number of laterals 

increases with salinity, thus forming a more stunted root system. The absolute root growth is 

enhanced with low salinity and retarded with high salinity, ABA provoked an additional 

retarding effect. According to halophyte definitions both examined species could also be termed 

pseudo-halophytes. 

Keywords: Chenopodium album; Raphanus raphanistrum; Rhizotron; Tap root. 

Department of Ecology, Faculty of Biology, University ofBielefeld, P.O. Box 100131, D-33501 

Bielefeld, Germany. 

Introduction 

In desert areas salinity is often very prominent, caused by 

the input of N a Cl during long preceding times, and be
cause of lack of drainage to the sea. Desert plants and 

desert vegetation types along a typical catena from the 

margins to the centre of endorheic depressions exhibit a 

zonation which is influenced by salinity, at least in the 

lower parts. These lower parts of the catena are often takyr 

areas or salt flats (sebkha, playa) (Breckle 1986). 

Uptake of salt under natural conditions in the long 

term causes redistribution and a new mosaic of the salinity 

pattern. There are two possible approaches to study root 

development under saline conditions in desert plants. 

Under field conditions almost the only way would be the 

mini-rhizotron technique. A much easier way is to study 

root development in the laboratory under controlled con

ditions in rhizotron boxes, simulating field conditions. 

Root systems of halophytes can be very extensive and 

wide-reaching to keep contact with the very deep water 

resources. However, on wetter stands, roots of halophytes 

are often very short. With nonhalophytes root architecture 

is also diverse, but under salinity-stress it often changes 

tremendously. The question arises, does the alteration of 

the root-system under salinity stress in nonhalophytes 

always cause the same changes or is the specific root 
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architecture of different species modified. 
In this short report I want to give some results from 

experiments with the primary aim of elucidating changes 

in root architecture under salinity. 

Material and Methods 

Chenopodium album was grown in rhizotron pots (root 

boxes) with a depth of 48 cm for root observation (see Fig. 

1) .  Rhizotrons were 3 cm thick, filled with dark garden 

soil, and kept at an angle of 45° in the growth chamber. 

The salinity was made artificially by adding NaCl or KCl 

to water. Final salinity by NaCl, respectively KCl was 25 , 
100, 200, 300 mM x 1 -1 soil water; soil water being 35-
38% of soil dry weight. 

In another experiment radish plants (Raphanus 

raphanistrum) were treated with 50 and 200 mM NaCl 

solutions (added to a 1/4 Hoagland solution) sprayed to 

the roots in an aeroponic chamber. Root branching and 

growth were recorded daily. 



Fig. 1 .  The root system of Chenopodium album, as visible in the 
root boxes, after 20 days of growth in a non-saline substrate 
(according to Seidel 1988). 

Results 

The growth of the primary root of Chenopodium album 

differed significantly depending on the salinity regime. 
The daily root increments of the primary root in C. album 

is shown in Table 1 .  The root system of control plants of 
C. album (no salinity) is shown in Fig. 1 .  Roots behave 
similarly whether grown in Na- or K-salinity, optimal 

Table 1. Daily root increment (mm x day-1 ± S.D.) of primary 
roots of Chenopodium album under various salinity regimes. 

Concentration N aCl-salinity KCI-salinity 

Control (0 mM) 12.0 ± 2.9 1 2.0 ± 2.9 
25 mM 16.5 ± 4 . 1  1 6.7 ± 7.8 
lOO mM 1 9.5 ± 6.5 19.8 ± 7.3 
200 mM 8.8 ± 4.4 1 3 .7 ± 3 . 1  
300 mM 9.9 ± 5.2 1 1 . 1  ± 2.5 
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Table 2. Mean of total length (m) of all secondary roots of 
Chenopodium album after 22 days of growth; when the primary 
roots with the fastest growth ( 1 00 mM N a Cl) reached the bottom 
of the rhizotronic pots (48 cm length). 

Concentration NaCI-salinity KCl-salinity 

Control (0 mM) 1 .7 ± 0.3 1 .7 ± 0.3 
25 mM 2.8 ± 0.7 2.7 ± 0.5 
100 mM 4.7 ± 0.3 3.8 ± 0.4 
200 mM 1 .0 ± 0.2 2.0 ± 0.5 
300 mM 1 .6 ± 0.3 1 .9 ± 0.4 

growth, about 1 50% of that of the control, was observed at 
100 mM. Even the 300 mM treatment did not reduce root 
growth below that of the control plants (Seidel 1 988) .  

The total length of the fastest growing primary root 
reached the bottom of the rhizotronic pots on the 22nd 
day. At that time the length of all the secondary roots 
differed considerably according to salinity regime, as 
shown in Table 2. 

It is obvious that there is little difference between N a 
and K-treatments. Maximal length is exhibited in both 
cases with 100 mM treatments, and also the 200 and 300 
mM treatments were not different from the control plants. 
The 200 mM treated plants in NaCl had some growth 
retardment due to other reasons, most probably fungal 
disease. 

Since the root increment of the primary root differs 
between treatments, the time to reach the bottom of the 
rhizotronic pots also differs. The experiment was contin
ued until all primary roots had reached the bottom of the 
root boxes (48 cm), between 22 and about 30 days. The 
length of the secondary roots, · after the primary root has 
just reached the bottom, are shown in Table 3 .  

Because of  the different growth rates the secondary 
roots are also more abundant and/or longer and in KCl 
(300 mM ) reached about double that of the control. This 
effect is less striking in the N a Cl treatments, but all 
salinity treatments still have more secondary roots than 
the control plants (except 25 mM KCl). This is demon
strated by comparing relative root portions (percentages 
of length) in Fig. 2.  

Table 3 .  Mean of total length (m) of all secondary roots of 
Chenopodium album after the primary root had reached the 
bottom of the rhizotron pot. 

Concentration NaCl-salinity KCl-salinity 

Control (0 mM) 3.5 ± 0.5 3.5 ± 0.5 
25 mM 4.2 ± 0.7 2.9 ± 0.3 
lOO mM 4.9 ± 0.6 4.7 ± 0.9 
200 mM 4.2 ± 0.8 4.6 ± 0.7 
300 mM 4.8 ± 0.5 6.4 ± 0.7 
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Fig. 2. The relative root length of the primary, secondary and 
tertiary roots of Chenopodium album (percentages of the entire 
root length) after 22 days, at the end of the experiment. 

The absolute root length differs considerably, but when 

we consider the relative root length in order to demon

strate the architecture of the root systems, it is obvious 
that the percentage of the secondary roots, and even more 

so, that of the tertiary roots increases with increasing 

salinity (Fig. 2). This means that the root system under 

salinity stress is more compact; and the branching is more 

pronounced. The rooted substrate volume, however, stays 

almost the same. To achieve this architecture it takes more 

time. 

Another method to check root systems under develop

ment is by aeroponic culture. Radish was used to check 

whether increasing compactness of the root architecture 

with increasing salinity could be observed. 
Table 4 shows that the tap-root increment is reduced 

with salinity. The branching of the main laterals is tre

mendously reduced with higher salinity. The growth in-

crement of all laterals is slightly enhanced at moderate 

salinity (50 mM NaCl), but at higher salinity (200 mM 
NaCl) there is almost no growth. 

As the number of newly formed laterals is decreasing, 

it is obvious that in radish grown at moderate salinity, the 

architecture of the root system shows the same trend as in 

Chenopodium album, in becoming more compact and 

more branched. At higher salinities the growth of the roots 

is almost stopped. This can be artificially induced by 

adding ABA to the low salinity treatment. In this case the 

growth reduction is comparable to that of the high salinity 
treatment (Table 4). 

It remains to be seen whether the growth rates of 

radish roots demonstrate similar behaviour under low 

salinity treatment as Chenopodium, but high salinity is 

much more effective in reducing root growth. 

Discussion 

Salinity causes distinct changes in root growth and root 

architecture. Defining halophyte types using various cri

teria has been applied during the last 60 years of research. 

The various approaches have been summarised by W aisel 

( 1 972), Breckle ( 1976, 1986) and Albert ( 1982). A rather 

simple definition of non-halophytes was given by Kreeb 

( 197 4 ) : non-halophytes do not have an optimal concentra

tion of salinity for growth; with increasing salinity growth 

decreases. This was shown for six potato genotypes by 

Naik & Widholm ( 1993) for whole plants, stem cuttings, 

root growth as well as for cell suspensions. Their lowest 

salinity treatment was with 50 mM NaCl. Isolated cells 

behave differently than entire plants (Hedenstrom & 
Breckle 1 974), often exhibiting an optimum of growth or 

cell division with high salinity, whereas the same plant 

species as intact entire plants are quite sensitive to salin

ity. The results for Chenopodium album exhibiting opti

mal growth at low salinity lead to call this species a 

halophyte; the same, though less pronounced, is true for 

radish (Waisel & Breckle 1987).  Both species show a 

growth optimum at low salinity treatments. This behav

iour was observed for many species and for many 

Table 4. Growth rates in radish roots (Raphanus raphanistrum) under salinity stress in aeroponic culture, absolute values and percentages 
of the control (Waisel & Breckle 1 987). 

Tap root Main laterals All laterals Increase in number of laterals 
[mm x h-1] [mm x h-1 x roor-1] [mm x h-1] [roots x h-1] 

Control (OmM) 2.6 1 00% 0.73 100% 16.1  1 00% 0.67 100% 
50 mM NaCl 2.4 93% 0.76 109% 1 8.3 1 14% 0.69 103% 
200 mM NaCl 0.9 35% 0. 1 1  15% 1 .4 9% 0.24 36% 
50 mM NaCl + ABA 0.7 27% 0.06 8% 1 . 1  7 %  0.35 52% 
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parameters by other authors (see Breckle 1 990, 1992). 

When considering salinity response at the whole plant 

level, it is certainly important to discuss the root architec

ture as it changes with salinity. Ion relations, especially 

the Ca-supply plays an important role, as well as salinity 

even under very low concentrations as Pourrat & Dutuit 

( 1 993) have shown for Atriplex halimus plants. 

In Trifolium alexandrinum Mirza & Tariq ( 1993) have 

shown that root dry mass had an optimum with 0, 1 %  N a Cl 

treatments, but even nodulation was almost unaffected 

until 0.4% NaCl treatments. 

The ecological advantage of an increased branching 

and thus forming a more compact, more dense, but less 

extensive root system may be explained by the fact that 

not only water and nutrient uptake occur at the root tips 

but also cytokinine production. This is one of the key 

processes in roots for plant growth. 
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The anatomical root structure of 

Kochia pro strata (L.) Scrad. 

Monika Sobotik 

Abstract 

Sobotik, M. 1 996. The anatomical root structure of Kochia prostrata (L.) Scrad. - Acta 
Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 9 1 -72 10�08 1-8.  

The anatomical structure of roots of Kochia prostrata in the course of secondary thickening is 

especially marked by the development or lack of conducting tissue within the soft bark. The size 
of these groups is very different. The examples provided here showed a dependence on the 
growth direction of the root. Downwards growing roots had conducting tissue within the soft 

bark and upwards growing roots had no such tissue. The development of several cambial rows 
within the family of Chenopodiaceae is well-known. The study was performed in the pannonic 
area, Northwest of Vienna, Austria and in the Aosta valley, Italy. Both sites have an annual 
average of precipitation lower than 500 mm. 

Keywords: Conducting tissue; Growth direction; Periderm; Soft bark; Shoot development; 
Xylem vessel. 

Bundesanstalt for alpenliindische Landwirtschaft, Referat Botanik und Pjlanzensoziologie, 

A-8952 Irdning, Austria. 

Introduction 

The anatomical structure of the root of Kochia prostrata, 

in the course of secondary thickening has been investi

gated by examining different cross sections of various 

excavated plants, from different areas of Europe (Kutschera 

& Sobotik 1 992). The root excavations of K. prostrata 

were carried out in the pannonic area, Northwest of Vienna, 

Austria, and in the Southwest alpine valley of Aosta, Italy. 

Depending on climatic conditions, differences of the 

shape of shoot and root can be shown (Kutschera & 
Lichtenegger 1 992). Neither stand is in the main distribu

tion area of the species. The plant of the pannonic area 

shows a more erect shoot, very few roots at the surface 

area and a thick tap root with a depth of 6.3 m. The plant 

of the Aosta valley shows a more creeping growth form 

with many roots close to the surface and a depth of the tap 

root of about 4 m. In these investigations special attention 

was given to the anatomical structure of up and down

wards as well as horizontally growing roots. 
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In the plant of the pannonic area, the development as 

well as the lack of groups of conducting tissue within the 

soft bark was a special point of interest. 

Material and Methods 

The study area in Austria is situated in semi-ruderal 

vegetation between vine yards on initial soil of loess and 

molasse on a south slope with 45° inclination at 250 m 

above sea level. The plant community is closely related to 

the Agropyreto-Kochietum (Zolyomi 1 958) and the 

Meliceto-Kochietum prostratae (Braun-Blanquet 1961 ). 

The vegetation cover reaches 70 %. The main cover spe

cies are Bromus inermis, Kochia prostrata and Agropyron 

intermedium. A low cover is characteristic of Melica 

ciliata. The stand of the plant at Villeneuve, Aosta valley, 
Italy is described as a Meliceto-Kochietum prostratae 

(Braun-Blanquet). The main cover species are Agropyron 



intermedium, Koeleria vallesiana and Kochia prostrata. 

Here also, Melica ciliata has only a low cover. The soil 

type in both localities is a brown earth kolluvium resp. a 

haplic-phaeozem. At both sites the annual average pre

cipitation is less than 500 mm. 

The excavation was done in 1990, using the dry method, 

as described in Kutschera ( 1960) and Kutschera & Lichten

egger ( 1982). For good preservation of the different tis

sues a quick fixation is necessary, but is possible only for 

the thin lateral roots. In connection with the morphologi

cal work the thicker roots were first dried and then boiled 

for about 10 min. before sectioning them or embedding 

them in paraplast. 

For the fixation, a mixture of glycerine and water ( 1  :2) 

with a few drops of acetic acid was used. The specimens 

were then embedded in paraplast. For dehydration ethanol 
was used, and isobutanol as a paraplast solvent. The 

embedded roots were sectioned with a microtome (Leitz 

Nr. 1 300). The sections were stained with safranin-astra 

blue and examined in a photomicroscope (Zeiss). 

Diameter of root, number and size of groups of con

ducting tissue in the soft bark, number of rows of periderm 

and the size of xylem vessels were measured. 

Results 

Cross sections of the tap root of the plant of the pannonic 

area, in Jetzeldorf (Fig. l A, section A; Plate 1 ,  A l -A4) 

showed, at a depth of 4. 7 m, 1 3  groups of conducting 
tissue in the soft bark. The thickness of the root was 8 .8  

mm, the part of the xylem in the middle of the root was 2. 8 

mm. 

The lateral root branched at a depth of 1 .35 m, grow

ing nearly horizontally for 35 cm, then 1 5  cm vertically 
downwards (Fig. lA, B ;  Plate 1 ,  B l ,  B2) and then up

wards again to just below the surface area. It showed a 

thickness of 6.4 mm at a soil depth of 45 cm. This root 

developed no additional groups of conducting tissue in 

the soft bark and the xylem part was 4.5 mm. 

A lateral root branching 0.5 cm beneath section B, 
signed as D (Fig. lA; Plate 1 ,  D l -D3), grew more or less 

horizontally and had three very small groups of conduct

ing tissue in the soft bark; the thickness of the root was 
about 4.0 mm, the xylem part was 3.2 mm. 

A lateral root of the 1 st order of the tap root near the 

surface with a diameter of 2.2 mm (Fig. lA, section C; 
Plate 1,  C l -C3) did not have any groups of conducting 

tissue in the soft bark. The diameter of the xylem vessels 

at Al ,  2 was 20- l OO mm, at B 1 ,2 also 20- lOO mm, at C 1 ,2 

10-20 mm and at D 1 ,2 10-60 mm. The periderm of the tap 

root at a depth of 4.7 m was the most multiserate (Plate 1 ,  

A3, A4). 

The periderm of the horizontally growing lateral root 
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Fig. 1 .  (A) Kochia prostrata, HJD/S = 5 11636/324 cm, excavated 
in October 1990, in semi-ruderal vegetation between wine yards 
of initial soil of loess and molasse at Jetzeldorf, Austria. G 45° S, 

D 70%, 250 m a.s.l. (Kutschera & Lichtenegger 1 992) - (B) 
Detailed photograph. A, B, C, D represent points from which 
sections were taken for Plate 1 .  

(Plate 1 ,  D3) developed only ea. seven rows. The lateral 

root of the tap root near the base showed ea. 15  rows (Plate 

1 ,  C 1 ,  C3). Comparing the cross sections from the plant of 

the Aosta valley (Fig. 2, section B respectively A; Plate 2, 

A 1-A3, B), a downward growing tap root at a depth of 1 .3,  

2.0 m with a diameter of 2.0 mm and 2.2 mm, had 7 and 14 

small groups of conducting elements within the soft bark. 

An example of a lateral root of the 2nd order, grown at a 

depth of 1 .3 m, developed a periderm with about 1 2  rows. 

The diameter of the root was 0.5 mm (Fig. 2, section 

C; Plate 2, C). A downward growing root of one other 

plant of the Aosta valley with a diameter of 1 2  mm (Plate 

2, D) shows 2 rows of conducting tissue within the soft 

bark. A horizontally growing root of the same plant close 

to the surface with a diameter of 8 mm (Plate 2, E) was 

equipped with conducting elements only in one row. 
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Fig. 2. Kochia prostrata, WDIS = 23/410/346 cm, excavated in Meliceto-Kockietum prostratae on haplic-phaeozom in July 1990, on 
glacial debris at Villeneuve, Aosta valley, Italy, G 35° S, D 80%, 780 m a.s.l. (Kutschera & Lichtenegger 1 992). A, B, C, D represent 
points from which sections were taken for Plate 2. 

Conclusions 

The results of the present investigation, especially the 

anatomical differences of the roots and root parts, distin

guish in number and extension of the groups of conduct

ing tissue in the soft bark, in extension of the central 

xylem and in number of rows of the periderm. Down

wards growing roots are distinguished from upwards grow

ing ones by development of groups of conducting tissue in 
the soft bark as well as by a small central part of the xylem 

and a higher number of rows of the periderm. 

The development of several cambial rows during sec

ondary thickening is well known in many species of the 

Chenopodiaceae, for exampleArthrocnemumfruticosum, 

Beta vulgaris (Rauh 1 950) and others. 
Investigations done in the main distribution area of 
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Kochia prostrata in the steppes and semi-deserts of 

Kazakhstan, Middle Asia, showed root depths of 1 .3 to 

7.4 m according to Baitulin ( 1973), Bedarew ( 1 969) and 

Ametov ( 1973 and 1 99 1  ). A root depth of 7.4 m generally 

exceeds the the root depth of plants of the pannonic area 

which is about 6.4 m, the shoot development however 

usually remains the same. The study of the anatomical 

structure of these plants would be of great interest and the 

first investigations have already been initiated. 

Kochia prostrata seems to be an interesting species to 

explain the connection between anatomy and growth di

rection of roots and shoot due to gravity and different 
water supply. 



M. Sobotik 5 1  

Plate 1 .  Al-D l  Kochia prostrata, Jetzeldorf, levels of root cross sections (see Fig. lA);  A2-A4 sections of Al ; B 2  section of B 1 ,  C2-C3 
sections of C l ,  D2-D3 sections of D l .  
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Introduction 

Root systems of Eremurus (Liliaceae) 

in culture 

Madina A. Akhmetova 

Abstract 

Akhmetova, M.A. 1 996. Root system of Eremurus (Liliaceae) in culture. - Acta Phytogeogr. 
Suec. 8 1 ,  Uppsala. ISBN 9 1 -72 10-08 1 -8 .  

The morphostructure and root system formation in  the process of  ontogenesis of  some Eremurus 

species were studied in culture conditions. The below-ground organs of Eremurus plants consist 
of a rhizome with the renewal bud in the upper part and long horizontally extended roots. The 
main root lives for not more than 3 months. The adventitious roots, root tubes, are the main 
functional roots, the form, number and colour of which are different for different species. In the 
first year, only one adventitious root develops, in the second year 1-3 .  Annually, the size and 
number of adventitious roots increase until the plant achieves the generative stage. The depth 

penetration of the Eremurus root system is not more than 30 cm, and its spreading reaches 0. 7-
1 .6 m. 

Keywords: Morphostructure; Root formation. 

Main Botanical Garden of Kazakh National Academy of Sciences, Timiryazeva str. 46, Alma
Ata 480070, Republic of Kazakhstan. 

Many species of the genus Eremurus are ornamental 

plants, used in gardens and for flower production. In order 

to improve cultivation of these species and to develop 
new culti vars, a detailed study of their biological features 

is necessary. One of the most important aspects in this 

context is a root system investigation. Data obtained on 

the morphostructure and the root system formation in the 
process of ontogenesis should be used to develop agricul

tural practices of plant cultivation. 

this zone is continental, characterised by cold winters and 

by dry, hot summers. Maximum precipitation (500-780 

mm) falls in spring. 

The morphostructure of the ro0t systems was investi

gated using conventional methods (Baitulin 1 987). The 

generative plants, 5-6 years old, were chosen. To study 

the root system formation in the process of ontogenesis 

seedlings were excavated and their root systems drawn 
every week from seed germination and for the following 

three years. 

Material and Methods 

The investigations were carried out in the Main Botanical 

Garden of Kazakh National Academy of Sciences in 

Alma-Ata, where different Eremurus species were intro

duced from natural habitats (Fig. 1 ) .  The Main Botanical 

Garden is situated in the foothills of the Zailiysky Alatau 

mountains at 850-900 m above sea level. The climate of 

Results and Discussion 

In the summer period, the below-ground organs of 

Eremurus plants consist of one orthotropic rhizome with 

the renewal bud in the upper part and new long horizon

tally extended roots (Fig. 2) . The rhizome is the reproduc

tive organ of Eremurus and contains the nutrient reserve 

for the roots. The adventitious roots, root tubes, are the 

main functional roots, developed from the rhizome. The 
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form, number and colour of the root tubes are different for 

different species. The adventitious roots give rise to ab

sorbing ones - delicate, fragile and sappy roots of the first 
(up to 10 cm) and second order (up to 2 cm). The absorb

ing roots of species of Eremurus consist of young adven

titious roots. The Henningia species develop such roots 

only after the summer period. In spring all the plants, 

independent of the genus, develop new young absorbing 

roots. 

The depth penetration of the Eremurus root system in 

culture conditions is not more than 30 cm (according to 

Golubev 1 962). Such characteristics are common for 
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Fig. 1 .  Eremurus lactijlorus. 

plants, which display dormancy or a short vegetation 

period. 

The horizontal spreading of mature plants root sys

tems reaches 0.7- 1 .6 m. The amount of precipitation, on 

such a surface, provides the plant with enough water for 

normal growth and development. In natural habitats, the 

Eremurus root system has a similar distribution (Baitulin 

& Dzherdamaliev 1980). 

The formation of Eremurus root systems was investi

gated from seed germination (Fig. 3). The seedlings of 

different species are of the same type. The radicle develops 

firstly, then a single leaf appears. The radicle elongates 

Fig. 2. Basal part of Eremurus 

below-ground organs. 



First year 

Second year 

l\ �. 1�.'.· 
• •  , J t' 
· .. · . ' ·  

':' ·'J 

)/ . ? . \', �.. . . · ·.r.: ·-\ 

M.A. Akhmetova 55 

A 
�· ')· � )\  

�'· 
,.,-<''" 

, . ----.r· . c/ 

f i 2 cm 
------l 

� .1 
Fig. 3 .  Formation of the Eremurus altaicus root system during the three first years. 
1 - Main root 

2 - Young adventitious root 
3 - Old adventitious root. 

and develops into the main root. Later, within 2-3 
weeks, the first adventitious root develops from the bugle 

in the hypocotyle area. It grows fast and, moving the main 

root aside, adopts a vertical position. The main and adven

titious roots function simultaneously, until the main root 

dies. The duration of the life time of the main root is not 

more than 3 months. The adventitious root develops into 

the root tube, where organic substances are accumulated, 

being utilised for the formation of above-ground organs 

next spring. 

Table 1 .  The spreading of Eremurus root systems in culture 
conditions. 

Next spring, within 2-3 weeks after the leaves begin to 

grow, the young adventitious roots appear above the base 

of the old roots in the basal part of the rhizome. Usually 

two, seldom one or three, roots develop. They grow fast 

Species 

E. altaicus 
E. cristatus 
E. fuscus 
E. inderiensis 
E. lactiflorus 
E. robustus 
E. regelii 
E. sogdianus 
E. turkestanicus 
E. tianshanicus 

Depth penetration Diameter of spreading 
(cm) (m) 

17 0,7 
1 5  1 ,0 
27 1 ,0 
28 1 ,0 
25 1 ,3 
30 1 ,2 
34 1 ,2 
1 3  0,8 
15  0,9 
30 1 ,6 
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56 Root system of Eremurus (Liliaceae) in culture 

(up to 1 1 - 1 5  cm) and gradually become thicker, accumu
lating the energy rich substances .  The old root, having 
exhausted supplies, become withered. The young adven
titious roots are formed during the end of the vegetation 
period, when the old ones have died. The stock of organic 
substances, accumulated in the below-ground organs, is 
responsible for the next year' s growth. 

The further development of the Eremurus root system 

occurs simultaneously; both size and quantity of adventi
tious roots will increase. The 3-year-old seedlings, for 
example, develop between two and six adventitious roots 
1 2-30 cm in length. Thus, the size and number of adventi
tious roots increase annually, duration of above-ground 

growth is prolonged and below-ground organs extend 
deeper; these features are characteristic of this species. 
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Root system formation of Hippophae rhamnoides L. 

(seabuckthom) 

Introduction 

Raisa Turekhanova 

Abstract 

Turekhanova R. 1 995. Root system formation of Hippophae rhamnoides L. (seabuckthom). -

Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 91-7210-08 1-8.  

The root system of seabuckthom (Hippophae rhamnoides L.)  was investigated in the Trans-Ili 
Alatau mountains. It was found that the root system extends deeply in the soil profile and 
occupies a considerable soil volume. The skeletal roots give rise to many fine-root ramifications 
over their total length. Most fine roots are uniformly distributed within the 40-cm layer of the top 

soil. 
The roots of a 3-year-old seabuckthom penetrated to a depth of 1 64 cm and the roots of a 6-

year-old plant to 168- 170 cm. On some horizontal roots, regeneration buds were formed at a 
depth of 4-5 cm and root suckers appeared. The radius of spreading of the root system of 6-year
old plants was 280 cm. For 8-year-old specimens the extention was 325 cm. Six year old plants 

reached their optimal depth penetration and the optimal radius of spread was reached by 8-year

old ones. The rate of root branching was high, at the age of three the roots were of the sixth order 
and at the age of six, the roots were of the eighth order. At depths of up to 30-40 cm nodules for 
fixing air nitrogen were found. 

Keywords: Root distribution; Trans-Ili Alatau. 

Institute of Botany and Phytointroduction, National Academy of Sciences, 70 Timiryazev str. , 

Alma-Ata 480070, Republic of Kazakhstan. 

Material and Methods 

The seabuckthorn is a valuable food and medicinal plant. 

It surpasses many fruit plants by its quantitative and 

qualitative contents of biologically active substances and 

their effects on the human body. Fruits contain vitamin C 

( 100-400 mg %), B1, B2, K, F, P - active substances (up to 

250 mg %), vitamin E (8-20 mg %), provitamin A, sugars 

and organic acids. Seabuckthorn oil is a natural concen

trate of carotene, vitamin E and vitamin F and is used for 

the treatment of bums, stomach and duodenum ulcers. 

Root investigations were conducted in the foothills of the 

Trans-Ili Alatau mountains at about 920 m above sea 

level. Land relief of this area is slightly inclined, and is 

formed by a junction of alluvial fan of the mountain rivers 

and temporary streams. The soil is a dark chestnut leached 

soil with a humus content of 4.3-4.7 % to a depth of 0.2 m. 
Seabuckthorn (Hippophae rhamnoides L.) of the Chuskay 
strain was propagated by green cuttings and planted in a 

regular pattern. 

The seabuckthom prevents erosion and enhances the 

quality of the forest. Because of its high root branching 

ability, it can grow and regenerate on mobile soil types 

exposed to land slide. 

The aim of the present study was to investigate the 

development and spread of the root system of seabuckthorn 

in Trans-Ili Alatau. 

The root systems were excavated by hand using a jet 

of water. The drawing and description of the root systems 

at the age of 1 ,  3, 6 and 8 years were made according to 

methods developed by Baitulin ( 1 976, 1 979). 

Results 

It was revealed that 1 -year-old seabuckthom plants devel

oped root systems 1 5- 17  cm in length (see Table 1 ), 
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mostly horizontally spread. On the vertical roots a crown

like modulation, located in the basal part of the root, was 

observed. Root branching was not very intensive at this 

stage of development. When the roots were 1 .5-2.0 cm in 

length, secondary branching started. In the case of injury 

of an apical part of the root, 3-4 replacing root tips 
appeared above the place of the injury indicating a high 

regenerative ability. 

On the surface layer of the stump in 3-year-old plants, 

small horizontal roots with light-brown nodules attached 

to it were formed. These roots on the stump grew fast, 

were mostly developed vertically, and penetrated to a 
depth of up to 1 80 cm. They were frequently branched, the 

lateral roots of the first order reached up to 1 20- 1 30 cm in 

length, those of the third order up to 70 cm and those of the 

fourth order up to 25 cm. Lateral roots of the fifth order 

were also frequently found. The primary and lateral roots 
are covered by fine roots rather uniformly spread over the 

total root length forming the main organ for water and 

mineral nutrient uptake. 

Adventitious roots of 6-year-old plants formed in the 

basal part of the stem grew both horizontally and verti

cally. Among the horizontally spread roots at a depth of 4-

10 cm, there were many roots formed from adventitious 

buds. At a depth of 30 cm, branching horizontal roots 

were found with many nodules in grape-like clusters. The 

primary roots reached a length of 1 28 cm, the lateral roots 

Fig. 1 .  The root system of an 8-year-old seabuckthom plant. 

of the third order were up to 57 cm long; the roots of the 
fifth order were 2-3 cm long and covered by rootlets. 

The depth penetration of the root system of the 8-year

old plant remained (see Fig. 1 )  at the same level as for 6-

year-old plants, the radius of spreading was 325 cm. The 

upper parts of the stump horizontal roots were covered by 

nodules. The primary roots ranged in length from 140 cm 
to 1 50 cm, the length of the roots of the third order 

reached up to 7 4 cm and those of the fourth order up to 

30 cm. The primary and lateral roots were covered by 

small rootlets. The length of the primary lateral roots of a 

male seabuckthorn reached 160 cm, that of the secondary 

roots 1 30 cm, of the third order 80 cm, of the fourth order 

14 cm. 

There was no increase in root spreading hereafter, 

either in horizontal nor in vertical directions. Thus, 6-
year-old plants had reached their optimal root spreading 

in depth and 8-year-old plants in radius.  
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Table 1 .  Data on structural characteristics of Hippophae rhamnoides (seabuckthom). 

Age Plant height Canopy diameter Depth of root penetration Radius of root spreading 
(cm) (cm) (cm) (cm) 

Female plants 
1 45 40 15-17 6-7 
2 1 33 62 1 64 75 
6 192 9 1  1 68 280 
8 2 1 6  240 168 280 

Male plants 
8 257 215  210  332 
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Root growth and water uptake in a desert 

sand dune ecosystem 

Maik Veste & Siegmar- W. Breckle 

Abstract 

Veste, M. & Breckle, S.-W. 1996. Root growth and water uptake in a desert sand dune 
ecosystem. - Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 9 1 -721 0-08 1 -8 .  

In deserts sand dominated areas are often prominent. Sandy ec_(?systems exhibit a pattern of 
different soil types. Sometimes, under special conditions, a cryptogamic crust develops which 
influences the hydrological conditions. Root systems of psammophytes are normally very long 
and far-reaching. The water uptake and water relations of desert shrubs is strictly related to the 
structure of the root system and to the water availability in the soil. The use of the rninirhizotron
technique in deserts for data sampling is discussed. 

Keywords: Minirhizotron-technique; Negev desert; Root architecture; Water relations. 

Department of Ecology, Faculty of Biology, University ofBielefeld, P. O. Box 100131, D-33501 
Bielefeld, Germany. 

Introduction 

Sand dunes are found in various deserts. They cover 10% 
of the landscape between the latitudes of 30°N and 30°S 
(Rice 1 988). The dune systems can be divided according 
to their morphology and development into different types: 
e.g. barchanes, transverse dunes, star-shaped dunes and 
linear dunes (Thomas 1 992). 

In the N egev desert of Israel sand fields are located in 
the north-western part and they are the eastern extension 
of the Sinai continental sandy area. The investigation site 
near Nizzana (Israel) is characterised by stabilised 1 5  m 
high linear dunes (Tsoar & Moller 1 986; Veste 1 995) . The 
northern slope and the interdune area are covered by 
various shrubs and annuals, the upper parts of the south
em slopes and the dune crests are mobile (Tsoar & M oiler 
1 986; Yair 1 990), but do not show any lateral movement. 

Results and Discussion 

Environmental stresses 

The root systems of plants in these ecosystems are ex
posed to different environmental stresses. The most im
portant stress factors in the desert sand dunes are the high 
mobility of sand, the relatively low soil moisture and the 
low content of nutrients. 

In the area of the dune crest the high mobility of sand 
during strong winds is the most important environmental 
factor for plant life. Partial covering or sometimes burial 
of the entire plant on sites with sand accumulation or 
exposure of roots in deflation sites occur. The roots de
velop special morphological adaptation strategies to with
stand sand deflation. E.g. Convolvulus lanata and Artemisia 

monosperma have corky barks around their tap roots 
which inhibit the dessication of the roots during exposure. 
The tap roots of Cornulaca monacantha and other Cheno
podiaceae species have internal xylem and phloem ele
ments (Fahn et al. 1986), which allow transport through 
the exposed roots. Exposure of active roots with a length 
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of 2 m or even more is reported (Danin 1991 ) .  

Stipagrostis scoparia i s  a typical species of  areas 
where sand accumulates. This graminaceous species and 
other species such as Heliotropium digynum develop ad
ventitious roots under sand cover. The roots of Stipagrostis 

scoparia are furthermore covered by a sheath of sand and 
a layer of ectomycorrhiza. Such a cover can also be found 
around the roots of Cyperus conglomeratus and Stipa

grostis plumosa (Amit & Harrison 1995). The function of 
these sheaths is still not known. 

Water regime in sand dunes 

Water availability is the major factor in desert ecosystems 
with respect to colonisation by plants. Sand is character-

0 

-1 00 

-200 'E 
� 
.s::. -300 .. ... 
D. ' ' 

ised by a high infiltration rate for water, and the water can 
reach also the deeper soil layers. The vegetation density 
on the sand dunes of Nizzana is higher than in areas with 
loess or gravel under the same climatic conditions (the 
average annual rainfall is 90 mm; Yair 1990) . This is a 
result of a better water availability. The aridity of an area 
depends on climate and on soil properties (Yair & Berko
wicz 1989). 

The north-facing slopes, the interdune area and the 
base of the south facing slopes of the dune at the Nizzana 
sand field are covered with a 0.2 - 2 mm thick biological 
crust, built up mainly by cyanobacteria and green algae 
(Danin 199 1 ;  Veste 1995) .  This biological crust influ
ences the hydrological conditions of the sand dune and the 
whole ecosystem (Fig. 1 ) . The infiltration during rain 
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Fig. 2. Soil moisture distribution (A. Yair, pers. 
comm.) and depth of main root branching of 
Anabasis articulata in the Nizzana sand desert. 
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Fig. 3 .  Diurnal course of C02 - exchange (A) and water loss (B) 
of Thymelaea hirsuta at three different days in the Nizzana sand 
desert. April 93 : after main rain events; October -93 : half year 
after main rain; February -94: after about 1 0  rainless months 

storms is reduced and runoff can be observed earlier (Yair 

1 990). During an intensive rain storm in the autumn of 
1 994 with 42 mm in 2 days, the observed maximal infil

tration depth was 62 cm in the interdune area covered by 

a biological crust. During the dry winter time 1 993/94 (the 

rainfall during that entire season was only 40 mm) the wet 

layer was at a depth between 10 and 40 cm. Lateral water 

movement in the sand dune along the dune slopes is 

observed at a depth between 1 20-330 cm (Fig. 1 ;  Yair 

1994; Veste 1 995). During summer the upper sand layers 
dry out completely (Fig. 2) and water for the plants is 

available only in deeper layers. 

Root distribution and water uptake 

To extract water from both soil layers, where water is 

available, the plant has to modify its root architecture. The 

root system of various shrubs (e.g. Anabasis articulata, 

Cornulaca monacantha) consists of surface roots and a 

tap root (Fig 2). Surface roots of Anabasis can be found 

between 10  and 30 cm, which is also the depth of the 

vertical water infiltration. The rooting depths depend on 

M. Veste & S. -W. Breckle 6 1  

the soil properties. No exact data are available on the 

maximum root depths of the shrubs in this sand dune area . 

The tap roots of Cornulaca in the sandy area of Nizzana 

could be excavated down to a depth of 2.4 m, but this was 

not the end of the roots. Roots of shrubs will easily reach 

the deeper water table in the sand. For Thymelaea hirsuta 

growing in a loess wadi bed a rooting depth of 3 .5 m has 

been reported (Evenari et al . 1 982). Examples of such a 

'T -root system' are also provided by Gypsophilafastigiata 

and Onosma arenarium in the sandy soils in Middle 

Europe (Lichtenegger 1976; Licht 1 977) and Banksia of 

the sandy areas of Australia (Pate pers. comm.).  Licht 

( 1977) could not find any ecological advantage of a 'T

root system' in the semihumid climate. But under desert 

conditions and especially under the specific hydrological 

conditions in the sand dunes with two water layers, the 

development of a two-part root system has an ecological 

advantage for water uptake. During and after the rainy 

season water uptake is effective from both wet layers. 

During the dry season of the year, shrubs will only use 

water from the deeper layers. 

The first results of transpiration measurements and 

C02-exchange of the evergreen shrub Thymelaea hirsuta 

during different seasons (Fig. 3) support this hypothesis. 

During the rainy season no stomata closure at midday 

could be observed (Fig. 3A) and the transpiration was not 

reduced (Fig. 3B). The water availability for the plant is 

high. At the end of the dry season a typical midday 

stomata closure is prominent (Fig. 3A), but a reopening in 

the afternoon can be observed. It seems that the plant uses 

water from the deeper soil layers, which is the only water 

source in the soil at the end of the dry season. 

Measurements of root dynamics 

The water uptake from the soil is closely associated with 

the activity and dynamics of the root system. Detailed 

studies on root dynamics and root functions of desert 

plants are scarce. Hansson et al. ( 1 994) studied the root 

dynamics of two desert shrubs in a sandy area of Inner 

Mongolia with the minirhizotron-technique and found a 

good correlation between precipitation and number of 
roots, and between soil moisture and root number. 

Fernandez & Caldwell ( 1 97 5) showed for Atriplex confer

tifolia that root growth during the year shifted to deeper 

regions depending on soil moisture regime. The root 

growth of A trip lex, Artemisia and Ceratoides started sev

eral days before the growth of the above-ground shoots, 

and active root growth continued several weeks after 

shoot growth ceased, particularly in Atriplex. 

In the investigated sandy area of Nizzana the perenni

als can be divided in summer active shrubs (e.g. Anabasis 

articulata, Thymelaea hirsuta) and leaf deciduous, non

active shrubs (e.g. Moltkiopsis ciliata). The root activity 

of the summer active plants reacted differently towards 
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Fig. 4. Application of the minirhizotron-technique in a sandy area. Inserted glass tubes around Moltkiopsis ciliata (A) and application of 
the technical endoscope and the CCD-video-camera (B) (Overleaf). 

water supply during the year in comparison to leaf decidu
ous shrubs. 

The minirhizotron-technique (Brown & Upchurch 
1987 ; Steinke 1 993) was used for the measurements of the 
root dynamics of the shrubs in the sand dune system of 
Nizzana. 20 glass-tubes with a length of 75 cm and a 
diameter of 3 cm were placed in the vicinity of a shrub. 
According to the field experiments of Steinke ( 1 993) in 
the salt marshes of North Germany, the tubes were placed 
at an angle of 90° .  Vertical growth of roots along the 90° 

inserted tubes as described by other authors (e.g. Bragg et 
al. 1 983) could not be observed. The insertion of tubes in 
the sand at an angle of 45° is more difficult than with 90° 

because no stable hole could be formed. For the observa
tion of the roots a technical endoscope (Storz, Germany) 
and a CCD-video camera (Kappa, Gottingen, Germany), 
connected to a standard video-recorder and a monitor, 
was used (Fig. 4). The identification of light-coloured and 
small fine roots against a bright background needs an 
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experienced observer. During the first year of the experi
ments fine roots of Moltkiopsis could be observed with 
the minirhizotron-technique at depths between 5 and 40 
cm (Fig. 5). The observed number of roots in the close 
surrounding of the shrub is higher for Moltkiopsis than for 
Cornulaca. 

In future studies the water relations and gas exchange 
characteristics during the year will be correlated with the 
dynamics of the root system. 
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Fig. 4B . 

Fig. 5. Root distribution of Moltkiopsis ciliata, 

expressed as number of roots per cm2 along the 
minirhizotron tubes at the end of the dry season 
(November 1994) and after winter rains (March 
1995). 

M. Veste & S. -W. Breckle 63 

technical advice. Thanks are also due to Hans Persson for 

help with the manuscript. 

The project is funded by the Bundesministerium fi.ir 

Forschung und Technologie - Federal Ministry of Re

search and Technology (DISUM 23, No. 0339495A). 

References 

Amit, R. & Harrison, J.B .J. 1995 . Biogenic calcic horizon 
development under extremely arid conditions at the Nizzana 
sand dunes, Israel. - In: Blume, P. & Berkowicz, S .M.  (eds.) 
Arid Ecosystem Research, Catena, pp. 65-88. 

Bragg, P.L., Govi, G. & Cannell, R.Q. 1983. A comparison of 
methods, including angled and vertical minirhizotrons for 
studying root growth and distribution in a spring oat crop. -
Plant Soil 73 : 435-440. 

Brown, D.A. & Upchurch, D.R. 1987. Minirhizotrons: A sum
mary of methods and instruments in current use. - In: Taylor, 
H.M. (ed.) Minirhizotron observation tubes: methods and 
applications for measuring rhizosphere dynamics. ASA Spe
cial Publication 50: 1 5-30. 

Evenari, M., Shanan, L. & Tadmor, N. 1982. The Negev, the 
challenge of a desert. - 2nd ed. Harvard University Press, 
Cambridge. 437 p.  

Danin, A. 199 1 .  Plant adaptations in desert dunes. - J. Arid 
Environ. 2 1 :  193-21 2. 

Fahn, A., Werker, E. & Baas, P. 1 986. Wood anatomy and 
identification of trees and shrubs from Israel and adjacent 
regions. - Israel Academy of Science and Humanities, Jeru
salem. 221 pp. 

Fernandez, O.A. & Caldwell, M.M. 1975. Phenology and dy
namics of root growth of three cool semi-desert shrubs. - J. 
Ecol. 63 : 703-7 14. 

M o l tk i o p s i s  c i l i a ta 
n u m b e r  o f  ro ots  c m -2 

0 . 0 0 . 2  0 . 4  0 . 6  0 . 8  
0 

- 1 0  
,............., 

E 
(.) - 2 0 

-....._...; 

..c 
+- - 30 0... 
Q) 

"'0 - 40 
0 
(/) - 50 • 

1 . 0 

---------- _-_ - - - - - -
r.a--------=--:=:-�- - � :: ::  � .: .:  -=---

-- · -- ·  .. N ove m b e r  1 9 9 4  
13 o o o o M a re h 1 9 9 5 

- 60 �--------------------------------� 

Acta Phytogeogr. Suec. 81 



64 Root growth and water uptake in a desert sand dune ecosystem 

Hansson, A.-C., Ai Fen, Z. & Andren, 0. 1994. Fine-root 

growth dynamics of two shrubs in semiarid rangeland in 
Inner Mongolia, China. - Ambio 23 : 225-228. 

Licht, W. 1 977. Zur Bewurzelung dikotyler Sandpflanzen. -

Ber. Dtsch. Bot. Ges. 90: 149-166. 
Lichtenegger, E. 1 976. Wurze1bild und Lebensraum. - Beitr. 

Bioi. Pflanz. 52: 3 1 -56. 
Rice, R.J. 1 988. Fundamentals of Geomorphology. 2nd ed. -

Longman, Harlow. 420 pp. 

Steinke, W. 1993. Unterirdische Biomasse: Erfassung undBeitrag 
zur Festigkeit des Deichvorlands. - Diss. Universitat MUnster. 

Thomas, D.S.G. 1992. Desert dune activity: concepts and 
significants. - J. Arid Environ. 22: 3 1 -38 .  

Tsoar, H. & Moller, J.T. 1986. The role of vegetation in the 

formation of linear sand dunes. - In: Nickling, W.G. (ed.) 

Acta Phytogeogr. Suec. 81 

Aeolian Geomorphology, pp. 75-95. Allen and Unwin, Bos

ton. 

Veste, M. 1995 . Structure of geomorphological and ecological 
units and ecosystems in the linear dune system near Nizzana, 

Negev. - Bielefelder Okologische Beitrage 8 :  85-96. 
Yair, A. 1990. Runoff generation in a sandy area - The Nizzana 

sands - Western N egev, Israel. - Earth Surface and Landforms 

15 :  597-609. 
Yair, A. 1994. The ambiguous impact of climate change at a 

desert fringe: northern Negev, Israel.- In: Millington, A.C. 

& Pye, E. (eds.) Environmental change in drylands: bio

graphical and geomorphological perspectives, pp. 1 99-227. 
John Willey, Chichester. 

Yair, A. & Berkowicz, S.M. 1989. Climatic and non-climatic 
controls of aridity: the case of northern Negev of Israel. -

Catena Supplement 14: 145- 1 58. 



Root morphology and ontogenesis of some common plant 

species in Trans-Ili Alatau, Kazakhstan 

Nashtay M. Mukhitdinov & Saule T. Aitakova 

Abstract 

Mukhitdinov, N.M. & Aitakova, S.T. 1995. Root morphology and ontogenesis of some common 

plant species in Trans-Ili Alatau, Kazakhstan. - Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 91-
7210-081 -8.  

Our investigation on the development of below-ground organs and ontogenesis of Hypericum 
perforatum, Trifolium pratense, Origanum vulgare, Nepeta pannonica and Eremostachys 
taschkentica showed that these species form their below-ground organs differently, with 
different duration of their ontogenesis stages. A common characteristic is that typical below

ground organs of all seed originated specimens are to be found at the time of first blossoming. All 
investigated species reach the adult stage at a different time, with different life-spans during the 
adult stage. All species form below-ground organs, characteristic of a certain species. 

Keywords: Below-ground organ; Plant population; Root development; Root morphology. 

Department of Botany, Faculty of Biology, Kazakh State National University named after Al
Farabi, AI-Farabi, 71 Street, 480121, Alma Ata, Republic of Kazakhstan. 

Introduction 

Research on the root development of some important 

plant species was carried out in field localities in the 

Gorge Terisbutak of Zailisky Alatau, at 1400 m above sea 
level from the moment of seed sprouting onwards. 

The object of the study was to follow the root develop

ment of some annual and perennial plant species, e.g. 

Hypericum perforatum L. , Trifolium pratense L., Origa

num vulgare L., Nepeta pannonica L. and Eremostachys 

taschkentica (M. Po) Grolost. 

Material and Methods 

Every stage of root development and a morphological 

description of the below-ground organs was given ac

cording to methods developed by Shalyt ( 1 960) . Trenches 

reaching the root systems were dug out and the roots were 

washed by a jet of water. The excavated roots were 

immediately sketched on millimetre paper. Age of the 

plant populations was determined, using the method de-

veloped by Rabatnov ( 1 960) and used by, among others, 

Serebryakova ( 1 97 1 )  and Uranov ( 1 967) .  

Our investigation on the development of the below

ground organs of the mentioned plant species (Hypericum 

perforatum, Trifolium pratense, Origanum vulgare, Nepeta 

pannonica and Eremostachys taschkentica) lasted for three 

years, the ageing of the investigated plants was described 

during this period. 

The experimental site is situated on the northern slope 

of the Gorge Terisbutak of Zailisky Alatau. The seeds 
were collected in the field and were planted in 1 989. The 

soil of the experimental site is a mountainous woodland 

black soil (Nasyrov et al. 1 99 1 ) . 

Results 

The results of our investigation show that the morpho
structure of all investigated root systems changed (Fig. 1 -
5) .  At an early stage the tap root was formed and at the 

juvenile stage when the rate of branching increased, the 

roots penetrated deeper. 
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Fig. 2. Root systems of Nepeta pannonica at different age 
stages. 
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Fig. 1 .  Root systems of Hypericum 
peiforatum at different age stages. 

During the same period the tap root of Eremostachys 

taschkentica gets thicker, which is characteristic of adult 

plants of this species (Fig. 5). 

All plant species have a different duration of their 

ontogenesis stages. Generative maturity occurs for Origa

num vulgare, Trifolium pratense and Nepeta pannonica in 

the first year after sprouting, for Hypericum perforatum in 

the second year. The investigated plant species form root 

systems in different stages of ontogenesis: Eremostachys 

taschkentica in immature age stage, Hypericum and 

Origanum in generative young stage, Trifolium pratense 

and Nepeta pannonica - in generative average age stage. 

ConcltJsions 

All investigated species form their typical root systems 

during a virginal and early generative period, except for 

Artemisia absinthium, which forms its root system during 

a mature stage. The above mentioned species have differ

ent durations of the ontogenesis periods. 

Not all investigated species went through a generative 

stage of ontogenesis during the period of our observations 

( 1 989 - 1 994). Eremostachys taschkentica was generally 

described as virginal and the period of generative matu

rity did not occur. 

Most basic morphological features of the below-ground 

plant root systems connected with depth of penetration, 

degree of branching, direction and development of lateral 

roots, were formed during a virginal age stage. 



Fig. 3. Root systems of Eremo
stachys taschkentia at different 
age stages. 
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Root respiration of Pancratium sickenbergeri 

- a  desert geophyte of the Negev 

Maik Veste & Siegmar- W. Breckle 

Abstract 

Veste, M. & Breckle, S .-W. 1996. Root respiration of Pancratium sickenbergeri - a desert 
geophyte of the Negev. - Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 9 1 -7210-08 1 -8.  

For the calculation of carbon budgets on the whole plant level the knowledge of carbon flux is an 
important parameter. The root respiration and photosynthesis of Pancratium sickenbergeri was 
measured under greenhouse and desert conditions. The use of a new gas exchange chamber for 
root respiration measurements under laboratory conditions is shown. The root respiration of 
Pancratium is similar to other desert plants, e.g. Opuntia and Agave. 

Keywords: Gas exchange technique; Photosynthesis; Root respiration. 

Department of Ecology, Faculty of Biology, P. 0. Box 100131, D-33501 Bielefeld, Germany. 

Introduction 

For the calculation of carbon budgets at the whole plant 
level the knowledge of all carbon fluxes is an important 

parameter. The measurements of the C02 gas exchange is 

a common tool for plant physiologists. Various commer
cial gas exchange systems are available. The measure
ments of physiological activities of the hidden half of the 
plant, the roots - is complicated (Waisel et al. 1 99 1) .  

Waisel & Eshel (Tel Aviv University) developed a special 

root laboratory which allows measurement of the root 
activity under aeroponical conditions. A special cuvette 
for the determination of root respiration was developed by 

the authors and used in the root laboratory of Tel A viv. 

Material and Methods 

Plant material 

Living intact plants of the geophyte Pancratium sicken

bergeri (Amaryllidaceae) were collected for laboratory 
measurements in the sand dune area near Nizzana in the 

northern Negev, Israel (Veste 1995). The plants were 
placed in the root laboratory of the Botanical Department, 
Tel Aviv University. 
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Photosynthesis measurements 

C02 and water vapour gas exchange of leaves were meas
ured with a minicuvette system (CMS 400, H. Walz 

GmbH, Effeltrich, Germany) (Koch et al. 197 1 ) .  Tem

perature and humidity in the cuvette corresponded to the 
ambient air. In the laboratory experiment the temperature 
was 25°C and the dewpoint of the incoming air 1 2°C. The 

net C02 exchange (J co2) was determined by a differential 
infrared gas analyser (IRGA, BIN OS 1 00, Rosemount, 

Hanau, Germany) .  The gas exchange parameters were 
calculated after von Cammerer & Farquhar ( 1 98 1),  with 
all fluxes expressed on the basis of total leaf surface. 

Root respiration 

For the measurements of root respiration a special cuvette 
type was designed (Fig. 1 ) .  The cuvette has a length of 10 

cm and was built from plexiglas. The cuvette allows 

measurement of the C02 release of the roots to the air. The 

humidity in the cuvette was set to 95% by means of a 
cooling trap to reduce water loss from the roots. The 

temperature of the root cuvette corresponds to that of the 
root growth chamber (22°C +1- 2°C). The C02 release 

was measured with the same differential infrared gas 
analyser (IRGA) as the C02 exchange of the leaves. 



Fig. 1 .  The special root-cuvette designed for measuring root
respiration with a single root in the chamber. The upper outlet 
and the lower inlet to the right are used for measuring gas 
exchange. 

Results 

Photosynthesis of leaves 

Examples of diurnal courses of the net C02 exchange 
rates of the leaves of Pancratium sickenbergeri, grown in 

the sand dune area of Nizzana, and for comparison under 

greenhouse conditions in the root laboratory in Tel A vi v, 

are shown in Fig. 2 A. The plants grown in the greenhouse 
showed a lower C02 uptake rate in comparison to the 

plants under natural conditions. This is a result of the 
much lower photosynthesis photon flux density (PPFD) 
in the greenhouse (Fig. 2 B). 

Root respiration 

Root respiration rates of Pancratium sickenbergeri are 
shown in Table 1 .  The rates of the geophyte under green-
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Fig. 2 A .  Photosynthesis o f  leaves o f  Pancratium sickenbergeri 
(C02 gas exchange) growing in the Northern Negev sand desert 
(Nizzana: solid line) and cultivated in the greenhouse (Tel A viv, 
dotted line). 
B. Photosynthetic active photon flux density (PPFD) at the two 
sites (Nizzana, resp. Tel Aviv greenhouse) where photosynthe
sis was measured. 

house conditions are comparable with those of Artemisia 

monosperma and other desert plants when looking for 

maximum values. Root respiration of apple trees is re

ported to be distinctly lower (see Table 1 ) .  

Table 1 .  Comparison of the root respiration o f  Pancratium 

sickenbergeri with other plant species. 

Species Root respiration Reference 

mmol x kg-1 (dm) 

Pancratium sickenbergeri 10.5 - 1 2 . 1  own data 

Artemisia monosperma 3.5 - 1 1 .4 own data 

Ferocactus acanthodes 0.82 - 7.7 Palta & N obel 1989a 

Opuntia ficus-indica 1 .26 - 1 0.8  Palta & Nobel 1989a 

Agave deserti 0.58 - 8.7 Palta & Nobel 1989b 

Malus spec. 1 . 1 3 - 2.0 Ebert & Lenz 1 991  
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Conclusions 

The root respiration of desert plants measured with the 
new rootcuvette type exhibited similar results as described 
for other desert plants (Palta & Nobel 1989a, b) and for 

apple trees (Ebert & Lenz 199 1 ). In the future the combi

nation of the measurement of the C02 uptake by leaves 
and respiration of the root system at the same time will 

allow a calculation of the net carbon fluxes at the whole 

plant level. 
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Early stages of lateral root development 

in Triticum aestivum L. 

Kirill N. Demchenko & Nikolai P. Demchenko 

Abstract 

Demchenko, K.N. & Demchenko, N.P. 1 996. Early stages of lateral root development in 
Triticum aestivum L. - Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 9 1 -721 0-08 1 -8.  

Lateral root initiation and root development were studied in Triticum aestivum L. using a light
microscope. Correlation between the cell position on the last mitotic cycle and its ability to 
resume proliferation during lateral root initiation was determined. The cells resumed their 
proliferate activity with DNA synthesis. Most likely, only cells which have stopped the mitotic 
cycle in the G 1 -phase in the meristem, are capable of resuming it later and to participate in the 
initiation of the lateral root. Localities and procedures of the first cell divisions in various plant 
tissues, that take part in initiation of lateral roots were indicated. Lateral root organisation in 
different stages of development was traced. 

Keywords: Proliferation; 3H-thymidine. 

Komarov Botanical Institute, Russian Academy of Sciences, Prof Popov Str. 2, 197376 
St. -Petersburg, Russia. 

Introduction 

Several studies on lateral root formation and subsequent 

development exist for various species (see literature re

view in Charlton 1 99 1) .  These studies have shown that the 

lateral roots form at various distances from the parental 

root tip and at specific sites according to the vascular 

pattern which depends on the species. The first cell divi

sions of tissues participating in lateral root primordium 
initiation depend on whether they are formed in the 

meristem or outside (Karas & McCully 1 973;  Sea go 1 973;  

Blakely et al. 1 982; Danilova & Serdiuk 1982). 

A model of primordium initiation was presented for 

lateral roots on cultivated root axes of Lycopersicon 

esculentum (Barlow & Adam 1 988).  This model com

bines controls determined by the divisional history of the 

potential primordium cell and by the vascular pattern. 

Future lateral root primordium localisation and the ability 

of pericycle cells to divide during development are found 

to be correlated in Allium cepa, Pisum sativum, and Daucus 

carota roots (Lloret et al. 1989). Only pericycle cells from 

A. cepa and P. sativum roots, which are located opposite 

xylem poles, begin to divide again at some distance from 

the apex after a short stop in the division. This results in 
decreased cell length followed by lateral root primordium 

initiation. Lateral roots in D. carota are formed by the 

pericycle cells located opposite phloem poles. These par

ticular pericycle cells remain able to divide longer than 

those located opposite xylem poles. In T. aestivum, the 

lateral root is formed at a significant distance from the 

root tip also opposite phloem poles. However, pericycle 

cells opposite the phloem poles loose their ability to 

divide closer to the root tip more than those from the 
xylem poles (Demchenko 1 990). 

It is still unknown whether the pericycle cells resume 

their proliferate activity while forming the lateral root 

outside the meristematic zone or whether some of them 

keep this activity until lateral root initiation. It is also not 

clear whether the ability of cells to regain mitotic activity 

during development depends upon the mitotic phase in 

which they stopped dividing. In A. cepa (Corsi & Avansi 

1970) pericycle cells leave the mitotic cycle in the G 1 -

phase (2C DNA), while in Raphanus sativus (Blakely & 
Evans 1979) and T. aestivum (Demchenko 1 987) they 

leave the cycle in the G2-phase ( 4C DNA) . Analysis of 

the DNA content of pericycle cells in T. aestivum roots, 
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located opposite to phloem poles, shows that 70% of the 
cells leave the mitotic cycle in the G2-phase, while the 

other ones are in the G 1-phase (Demchenko 1990). On the 
other hand, among pericycle cells, located opposite to 

xylem poles, about 90% of the cells leave the cycle in the 

G1 -phase and certain in the G2-phase. 

The aim of this work was to study the resumption of 

cell proliferation during lateral root initiation as well as to 

investigate cell proliferation and growth during early stages 

of lateral root development. 

Material and Methods 

Caryopses of winter wheat (Triticum aestivum L., ssp. 

lutescens, cv. Bezostaya-1)  were germinated in darkness 

at 25°C on moistened filter paper. Part of the primary 

roots of 6 day-old plants were immersed in a 3H -thymidine 

solution (concentration 37 MBq/1, specific activity 1 886 

GBq/mmol) for 5 hr and the roots were fixed after wash
ing. Details of these procedures were published in Dem

chenko ( 1 994) . Other seedlings were immediately fixed. 
Segments of the roots were then embedded in paraffin 

wax. Serial transverse and longitudinal sections, 10  mm 
in thickness, were dehydrated and mounted under a 

coverslip in Canada Balsam. 20 parent roots and 5 lateral 
root primordia from each stage of development were 
investigated. 
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Fig. 1 .  Longitudinal section through 
the elongation zone where cells do 
not synthesize DNA, no mitosis 
present, 6.5 mm from root tip. cmx 
= central metaxylem file; cor = cor
tex; e = endodermis; p = pericycle; 
sp = stelar parenchyma. bar = 30 
J..lm. 

Results and Discussion 

Analysis of the series of longitudinal sections of roots 
demonstrate that the most distant mitoses in the cells of 

pericycle and endodermis are to be found at a distance of 

1 .5 mm from the root tip. At a longer distance from the 

root tip, the percentage of the labelled cells (DNA synthe

sizing) decreased markedly. The most distant labelled 

cells were observed at a distance of 3 .0 mm from the root 

tip. Throughout the next part of the root, 4.5 mm in length, 

mitotic figures and labelled cells were absent in all root 
tissues (Fig. 1 ) .  The long label did not allow the exact 

determination of the site where the cells stopped DNA 

synthesis. Within 5 hours labelled cells were already 
found in an area where DNA synthesis did not take place. 

At a distance of 7.5 - 8.5 mm from the root tip the 
appearance of a large number of labelled cells in the 

endodermis, pericycle and stelar parenchyma were ob

served (Fig. 2). Thus, the cells of these tissues have 

resumed the ability to synthesize DNA. Only at a distance 
of 15 mm from the root tip did dividing cells appear in 
these tissues. We did not determine in which of the tissues 
listed above DNA synthesis started first. Possibly, the 
resumption of this process in these tissues took place 

simultaneously. 

Blakely et al. ( 1982), investigating the formation of 

lateral roots in R. sativus (in which lateral roots appear 
beyond the elongation zone, as in T. aestivum), came to 

the conclusion that some pericycle cells retained prolifer

ate activity throughout the extent of the entire elongation 

zone after having left the meristem. It was these cells that, 



Fig. 2. Autoradiograph of the median longitudinal section in the 
zone of resumption of DNA synthesis. Arrows point to labelled 
nuclei of stelar parenchyma, 8 mm from the root tip. Exposition 
to 3H-TdR - 5 hours. bar = 40 J..lm. See Fig. 1 for abbreviations. 

in their opinion, formed the lateral root. According to our 

data the existence of the area lacking labelled (and there

fore dividing cells) and also of the area where a great 

number of labelled and dividing cells appeared, provides 
evidence for the resumption of proliferate activity of the 
cells of endodermis, pericycle and stelar parenchyma 

during their development. The resumption of proliferate 
activity is connected with the processes of initiation of the 

acropetal series of lateral roots. The presence of the site 
6.5-7.5 mm in length where labelled cells were observed 

and divided ones were absent, provides evidence that the 
cells resumed their proliferate activity with DNA synthe

sis. Most likely, only the cells which have ceased the 
mitotic cycle in the G 1 -phase in the meristem, are later 
capable of resuming it and of participation in the initiation 

of the lateral root. 
The formation of lateral root in T. aestivum takes place 

between two neighbouring xylem groups opposite the 

protophloem. At the initiation of the lateral root those 
pericycle cells which are situated between two protoxylem 
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Fig. 3. Longitudinal section of parental root, frrst mitosis in 
pericycle cells during lateral root initiation, 15 mm from the root 
tip. bar = 30 J..lm. See Fig. 1 for abbreviations. 

elements are involved in the process of division. The first 

divisions of the pericycle cells (Fig. 3), connected with 
the initiation of the lateral root, are in an anticlinal trans

verse (in relation to the longitudinal axis of the root). 
These divisions are often found to be unequal. Cell divi

sions in stelar parenchyma were also anticlinal. They 

were found not only in the segment of the central cylinder 
where the lateral root would be formed later, but in 

neighbouring ones as well. After 2-3 anticlinal divisions 
of all the pericycle cells located in the sector of the 
formation of the lateral root, the cells started growing in a 

transverse direction as related to the root axis. The periclinal 

cell divisions were observed only after this growth. 
Endodermis cells formed a Tasche surrounding the primor

dium. 

Primordium cells in the earliest stages of development 
included 3H-thymidine (Fig. 4) and in later stages (3-

layers and more) no labelled cells were found in the 

primordium (Fig. 5) .  In some cortex cells located opposite 
such a well-developed primordium, labelled nuclei and 
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Fig. 4. Autoradiograph of longitudinal section of parental root, 
1 5  mm from root tip . First divisions in pericycle and endodermis.  
Cortex, endodermis and pericycle cells synthesize DNA. bar = 
30 Jlm. See Fig. 1 for abbreviations. 

sometimes mitotic figures were observed. The resump

tion of 3H-thymidine incorporation into the lateral root 

cells was observed only after its release on the surface. 
Similar pattern of 3H-thymidine incorporation in the cells 
was observed in the course of development oflateral roots 
of Viciafaba. Small primordia containing less than 1500 

cells, included 3H-thymidine in the cell nuclei. Such 

primordia showed low labelling indices after 4- 10  hours 

following seedling incubation with 3H-thymidine. When 

the roots were fixed at later times the indices of labelled 
cells increased. Primordia containing more than 1500 
cells did not incorporate exogenously supplied 3H
thymidine into the nuclei (MacLeod & Davidson 1968). 
The cells of such primordia were labelled when treated by 

exogenously supplied 3H-thymidine only after the re

moval of surrounding tissues (MacLeod 1 97 1 ,  1972). The 
causes of such a pattern of 3H-thymidine incorporation 

into the cells during lateral root development still remain 
obscure (MacLeod & McLachlan 1975). 
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Fig. 5. Autoradiograph of longitudinal section of parental root, 
25 mm from root tip. Later stage of lateral root primordium 
development. Cortex cells synthesize DNA. bar = 30 Jlm. 1r = 
lateral root primordia; See Fig. 1 for abbreviations . 
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Root distribution in some alpine plants 

Erwin Lichtenegger 

Abstract 

Lichtenegger, E. 1 996. Root distribution in some alpine plants. - Acta Phytogeogr. Suec. 8 1 ,  
Uppsala. ISBN 9 1-721 0-081 -8. 

It is shown that in climatic zones with distinct seasons, the depth of root penetration in the soil 
mainly depends on the degree to which the ground is warmed up and on the intensity of 
temperature fluctuations. Warm lowland soils have deeper roots than the cooler soils from higher 
altitudes. The shallower roots at high altitudes are correlated with denser root networks in the 
upper soil layers and a more rapid drop in root density with increasing depth. Thus, humus 
horizons are consistently thinner in higher versus lower altitudes. At the same time, the humus 
content in the upper soil layers is higher. One reason for this may be that the mineralization rate 
of humus is slower at high altitudes due to reduced soil warming. 

Keywords: Humus content; Humus mineralization; Rooting intensity. 

Pjlanzensoziologisches Institut, Kempfstr. 12, A-9020 Klagenfurt, Austria. 

Introduction 

Root profiles are mainly determined by the temperature 
and moisture of the individual soil layers. The combina
tion of these two factors governs the direction of the root 
growth. This was documented in hundreds of root studies 

involving soils in various climate zones and was also 

confirmed in many spatial representations of plant roots 

(see Cannon 1 9 1 1 ;  Baitulin 1 979, 1 984; Baitulin et al. 

1993 ; Kutschera 1 960; Kutschera & Lichtenegger 1982, 

1992, Lidforss 1903 ; Lichtenegger 1 976, 1983; Kutschera 
197 1b, 1 99 1 ;  Weaver 1926). This knowledge, based on 
countless observations, agrees with Kutschera's ( 1 97 1 a, 

197 1 b, 1972) explanation of the geotropic growth of 

plants. 

Methods 

The plants were excavated from undisturbed ground by 

unearthing the roots under dry conditions with various 
digging tools and dissection needles. Prior to altering their 
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original position, scale drawings of root sections were 

made at periodic intervals.  This method allows the spatial 

representation of plant root systems. For a more detailed 
description of the methods employed see Kutschera ( 1960) 

and Kutschera & Lichtenegger ( 1 982). 

Results and Discussion 

Influence of temperature and humidity 

Vertical root growth continues as long as a sufficiently 

high temperature and moisture gradient with depth exists. 

As temperature and moisture fluctuations drop with in

creasing soil depth, downward growth also decreases .  
This explains why, in  arid regions of warm temperate 
zones such as Central Asia, where deep soil layers almost 

always contain water available to plants, the roots of 

plants such as Alhagi pseudalhagi, Krascheninnikovia ( = 

Eurotia) ceratoides, Kochia prostrata, Ephedra intermedia 

and Atraphaxis virgata attain great depths despite deep
reaching dryness (see also Baitulin 1984). 



In arid regions of the subtropical zone, on the other 
hand, such as in the N amibian desert, well-defined down

ward root growth only occurs where the topography sup

ports ground moisture accessible to the roots. This is the 

case for Arthraerua leubnitziae, Rhigozum trichotomum 

and Acanthosicyos horrida. Otherwise, shallow root sys

tems in the upper soil layers predominate, as in Euphorbia 

virosa, E. damarana, Acacia mellifera and Commiphora 

saxicola. Vertical root growth decreases even more mark-

Fig. 1 .  Above: Festuca rubra 
and Ononis spinosa in clay
soil. Below: Festuca tenuifolia 
and Ononis repens in sandy 
soil. 
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edly as temperatures and accompanying temperature fluc

tuations drop with depth. Even in Central European low

lands, roots grow deeper in denser clay soil where heat 

penetrates deeper than in sandy soil with shallower heat 

penetration. The root system ofF estuca rubra and Ononis 

spinosa in clay soil and of F estuca tenuifolia and Ononis 

repens in sandy soil may serve as examples (cf. Fig. 1 ) .  
The different degree of  downward growth in  the same 

species at various altitudes is even more conspicuous. 
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Table 1 .  Maximum root depths of Carlina acaulis at various 
altitudes in Carinthia. 

Locality Altitude Annual mean Maximum root 
(m) temperature °C depth (cm) 

Carinthian basin 450 7.9 408 
Heiligenblut region 1420 5 .7 123 
GroBglockner region 2070 0.3 66 

This is particularly evident when comparing the root 

depths of Carlina acaulis in Carinthia (Table 1) .  Further 

examples are provided by the root systems of Biscutella 

laevigata at an altitude of 344 m and 2140 m (Fig. 2). 

The shallower root depth of plants from the subalpine 
and especially from the alpine belts versus those of the 

colline and mountainous belts has been repeatedly dem

onstrated (see Kutschera & Lichtenegger 1 982, 1992). 

Root distribution in different soil layers 

The shallower penetration at high altitudes as compared 
with low altitudes results in different root profiles. At high 

altitudes, root density decreases much more rapidly with 
depth than at low altitudes. This is particularly evident in 
grasses. Thus, root density in Agrostis tenuis, a predomi
nantly lowland species, decreases much less than inNardus 

stricta, whose main range is at higher altitudes (see Fig. 3,  

top). 
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In herbs, the altitude-related decrease in root density 

with depth is usually less distinct than in grasses (cf. Fig. 
3, bottom). This is particularly true for herbs with pole 
roots. In herbs with shoot roots, the root density decrease 
with depth is similar to that in grasses. This is unusual, 

because at the cooler high altitudes, herbs with shoot roots 

are much more abundant than in warm, low-lying regions. 
The following representations of the radication of A vena 

versicolor (Fig. 4) and Potentilla aurea (Fig. 5) underline 

the strength of the root density concentration in the upper 
soil layers due to this rapid, high-altitude-related density 
decrease. In the alpine and the subalpine belts, this rapid 

density decrease leads to a lower limit of root penetration 
of 40 to 70 cm. In the mountainous and colline belts this 
depth is still characterized by a moderately intensive to 

extensive radication. Here, the lower limit lies at 1 00 to 
1 50 cm or even 200 to 300 cm. Table 2 provides examples 

of soil depths at which the radication of species of the 
subalpine and alpine as well as of the colline and moun

tainous belts stops. 

Humus content in different soil layers 

Along with the more rapid drop in radication intensity, the 

depth-related decrease in humus content is also much 

more rapid in high versus low altitudes. The humus hori
zons reach a maximum depth of only 50 cm. In low lying 
regions they can attain a thickness of 100 cm and more. 
On the other hand, the humus content in the upper soil 
layers is much greater at higher altitudes. At soil depths of 

Fig. 2. Biscutella laevigata. 

Left: in the colline belt. Right: 
in the alpine belt. 



Fig. 3. Above: Agrostis tenuis in 
the colline belt, left, and Nardus 
stricta in the subalpine belt, right. 
Below: Leontodon hispidus in 
the colline belt, depth of tap root 
1 3 0  cm, left, and Leontodon 
montanus in the alpine belt, depth 
of shoot-roots 40 cm, right. 

5-10 cm it can attain values of 30 % and more. At 10-

20 cm, the humus content may still reach or even exceed 
10 %. Below this, it usually decreases rapidly. 

This greater humus accumulation in the uppermost 
soil layers is mainly related to the slower mineralization 

rate associated with reduced soil warming. Increased hu

mus accumulation with increasing altitude is a common 

phenomenon (cf. Solar 198 1 ;  Lichtenegger 1994) . In 

warmer lowlands, more intensive humus mineralization 
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prevents such a large humus accumulation in the upper 
soil layers. Even in Greenland, the humus content rarely 
exceeds 10 % at depths of 5- 10  cm. On the other hand, it 

decreases much less rapidly with depth. The average 

humus content and its depth-related decrease in subalpine 

and alpine soils as well as in colline and mountainous soils 
is schematically illustrated in Fig. 6. Both phenomena are 

closely correlated with the intensity of radication at the 
respective altitudes. 
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Table 2. Rooting intensity in different soil layers in the subalpine and alpine belt in comparison with that in the colline and mountainous 

belt. Rooting intensity: 6 = very intensive, 5 = intensive, 4 = moderately intensive, 3 = moderately extensive, 2 = extensive, 1 = very 

extensive. 

Rooting intensity in different soil layers 

Soil depth from cm 0 10  20 40 70 100 150 200 250 

to cm 10 20 40 70 100 1 50 200 250 300 

Subalpine - alpine: 

Dianthus superbus 3-1 

Trifolium badium 3-2 2-1 

Polygonum viviparum 3-2 2- 1 

Loiseleuria procumbens 4-2 2- 1 

Ranunculus oreophilus 4-3 3-1  

Luzula alpinopilosa 4-3 3-2 2- 1 

Poa alpina 4-3 3-2 2- 1 

Kobresia myosuroides 5-4 4-2 2- 1 

Carexfirma 5-4 4-2 2- 1 

Potentilla aurea 3-2 3- 1 

Aster bellidiastrum 3-2 2- 1 

Pulsatilla vernalis 4-3 3-2 2- 1 

Carex curvula 4-3 3-2 2- 1 

Phleum hirsutum 4-3 3-2 2- 1 

Phleum alpinum 4-3 3-2 2- 1 

Carex sempervirens 4-3 3-2 2- 1 

F estuca paniculata 5-4 4-3 3-2 
]uncus trifidus 6-5 5-4 4-2 2- 1 

Carlina acaulis 4-3 3-2 2 1 

Colline - mountainous: 

Holcus lanatus 4-3 3-2 2- 1 

Polygonum bistorta 4-3 3-2 2 2- 1 

Pulsatilla pratensis 4-3 3-2 2 2- 1 

Potentilla heptaphylla 4-3 3-2 2 2- 1 

Aster amellus 4-3 3-2 2 2- 1 
Calluna vulgaris 4-3 3-2 2 2- 1 

Agrostis tenuis 5-4 4-3 3-2 2- 1 

Poa pratensis 5-4 4-3 3-2 2- 1 

Dianthus carthusianorum 3-2 2 2 2 

Trifolium pratense 4-3 3-2 2 2- 1 

Carex arenaria 4-3 3 3-2 2- 1 

Crepis biennis 4-3 3 3-2 2- 1 

Festuca pratensis 5-4 4-3 3-2 2 2-1 

Anthriscus sylvestris 5-4 4-3 3-2 2 2- 1 

Arrhenatherum elatius 5-4 4-3 3-2 2 2- 1 

Carex humilis 6-5 5-4 4-3 3-2 2- 1 

Dactylis glomerata 5 5-4 4-3 3-2 2- 1 

Deschampsia cespitosa 6 6-5 5-4 4-2 2-1 1 

F estuca arundinacea 6-5 5-4 4-3 3-2 2 2- 1 1 

Carlina acaulis 4-3 3 3 3 3-2 2 2 2- 1 
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Fig. 4. Avena versicolor. Alpine belt, 1990 m above sea level. 

Fig. 5. Potentilla aurea. Subalpine belt, 1 640 m above sea level. 
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Conclusion 

The climatically determined root profiles of plants in 
the subalpine and especially the alpine belts lead to a 

decreased radication in deeper soil layers and to higher 

root densities in the upper, warmer layers. In addition, the 

reduced mineralization of organic material leads to hu

mus build-up and to humus deposits near the soil surface. 
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Root distribution of natural vegetation at high altitudes in 

Pamiro-Alai in Tajikistan 

Khurshed K. Karimov & Yuri I. Molotkovski 

Abstract 

Karimov K.K. & Molotkovski Y .1. 1996. Root distribution of natural vegetation at high altitudes 
in Pamiro-Alai in Tajikistan. - Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 91 -721 0-081 -8.  

The structure and growth activity of plant root systems in different plant communities of Pamiro
Alai were investigated. Trees such as Populus pruinosa and Eleagnus angustifolia, have a deeply 
penetrating, branched root system of a tap root type; in graminaceous plants the roots are more 
widely and superficially spread. The roots of shrubs and graminaceous perennials in halophyton 
reach moist soil horizons with reduced nutrient content at greater depth. Woody plant species of 
forest areas are characterised by root systems larger than their above-ground crown projection. 
Well developed root systems of several ephemeral plant species make it possible to absorb water 
with high efficiency during a short period of water availability. 

Keywords: Fine root; Plant community; Root system; Tajikistan; Tugai. 

Institute of Plant Physiology and Biophysics, Academy of Sciences of the Tajikistan Republic, 
ul. Aini 299/2, Dushanbe, 734063, Tajikistan. 

Introduction 

A high mountain range, crossing Pamiro-Alay in Tajikistan 
in different directions, has developed a complex relief 
with great differences in environmental conditions. As a 

consequence, we can record up to 20 different plant com

munities within a limited area, from desert communities 
to Mediterranean-like and alpine communities (Ovchin

nikov et al. 1973). In these communities, we can observe 

the influence of environmental factors, reflected in the 
adaptation of the different plant species to climatic condi

tions such as temperature and humidity. 

The present investigations were carried out in order to 

describe the structure and growth activity of the plant root 
systems in different plant communities of this region. 

Material and Methods 

The investigations were carried out at the field stations of 
the Institute of Botany, Academy of Sciences of the 
Tajikistan Republic, at different altitude levels ofPamiro-

Alai. The characters of plant cover, physical-geographi
cal and climatic conditions of this region were described 
in Ovchinnikov et al. ( 1 973). 

The structure and dry weight of the root systems were 
studied using the soil monoliths sampling method 

(Zaprjagaeva 1968). The roots were washed with water, 
and depicted on special drawing boards in vertical and 

horizontal directions. Finally they were sorted into func

tional fractions and their dry weight was estimated. 

Results and Discussion 

Extremely high aridity and summer floods are character

istic of the Tugai region (south-western Tajikistan, the 
reserve 'Tigrovaja Balka' , near the Vaksh river) . The soil 

water is maintained at a depth of 1 .5-2.0 m level during 

most of the year. The plants do not suffer from heat and 
humidity deficiency during the period of active growth. 
Plants with C4-type of photosynthesis are widely spread 

in this region. They are highly productive, thermophilous 

plants, which utilise soil moisture and nitrogen most 
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efficiently. Some examples are Imperata cylindrica (L.) 

Beauv . , Saccharum spontaneum L. and Erianthus ravennae 

(L.) Beauv. 
The total root biomass of the Tugai plant associations 

is about 70 ton per ha, to a depth of 200 cm. The associa

tions have more than 50% of the root biomass in the upper 

soil level down to 40 cm and more than 90% of the root 

biomass down to 1 60 cm. 

Trees, such as Populus pruinosa Schrenk and Elae

agnus angustifolia L. (Tugai indicators) are deeply rooted 

( 4-6 m) and have extremely ramified tap root systems. 
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Graminaceous Tugai plants, such as Erianthus ravennae 

(L.) Beauv. and Saccharum spontaneum L. have roots 

which begin to branch in the upper part of the tap root and 

spread widely in the surface soil horizons, as well as down 

to 100- 150 cm (Fig. lA). 
In contrast to the Tugai associations, halophyte shrubs 

and grasses are widely spread on saline lands and cope 

with a more limited water supply. Such soils have a 

nitrogen content in the soil solution 3-5 times higher than 

in Tugai, and the subsoil water is available to a depth of 3-

4 m. This plant association is characterised by a more 

Fig. 1 .  The root systems of Erianthus ravennae (A), Halostachus 
caesia (B) and Rheum ma.ximoviczii (C). 



complete distribution of root systems through the soil 

profile than the Tugai associations. The halophyte asso

ciations have a total root biomass reaching 45 ton per ha; 

the soil profile down to 100 cm produce 32 ton per ha 

(7 1 %) and the 1 00 to 200 cm layer 1 3  ton per ha (29%) . 

Annual halophytes develop a tap root which does not 

penetrate deeper than 1 5-40 cm. Deep penetrating roots 
are more characteristic of shrubs and perennial grami
neous plants. In this way they are able to reach moist soil 

layers with less nitrogen (Fig. 1B) .  Their thick tap root is 

branched into roots of the 2-3 order at a depth of 15-20 
cm. The root systems penetrate deep into the soil and they 

have numerous absorbing roots. 
A characteristic feature of the trees in the forest veg

etation of the Pamiro-Alai (viz. xerophyllous, mesophyllous 

broadleaved and Juniperus forests) in relation to drought, 

is their restricted survival facility (Zaprjagaeva 1968). 

Their tap roots, which reach very dry soil or the mother 
rock at a depth of 4 m, do not grow any further and start to 
develop numerous lateral roots in the upper soil layers, 

which are wetted by the winter-spring precipitation. Roots 

of trees and shrubs often extend 10-25 m in different 

directions, where they occupy large areas. The horizontal 

projection of the crown of the trees is generally much 
smaller than that of the roots. 
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Ephemeroid types of plant species form a characteris

tic plant community of the Pamiro-Alay semisavannas. 
They are widely spread and occupy a large proportion of 

the vegetation cover of xerophyllous and mesophyllous 

broad-leaved forests A strong root system is developed by 

many of these plant species, in which organic substances 

are accumulated which is of great importance for soil
forming processes (Fig. 1 C). The well-developed root 
systems of those plant species provide an efficient water 

absorption during the short period of summer precipita

tion. This water uptake, as well as intensive water and 

carbohydrates storage in the below-ground organs, make 

it possible to maintain an extremely rapid root growth 
activity. 
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Root structure of plants in the Zailiisky Alatau Range, 

Kazakhstan 
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Nesterova, S.G. 1996. Root structure of plants in the Zailiisky Alatau Range, Kazakhstan. -
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The root structure was studied for 25 dominant and subdominant species of natural plant 
communities in the alpine and subalpine, forest and shrub forest belts of the Zailiisky Alatau 
Range, at altitudes from 1000 to 3470 m above sea level. Rhizomatous types of below-ground 
organs prevail for alpine and subalpine species. The tap-root system is more frequently found in 
plants from forest and shrub forest belts. 

Keywords: Alpine belt; Fibrillose root; Forest; Tap root; Rhizome; Root system; Shrub forest; 
Subalpine belt. 
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Introduction 

Plant root systems develop composite morphological struc

tures which are genetically determined and differ between 
species. Root systems are plastic organs influenced by 
environmental conditions with regard to degree of vigour 

penetration, distribution characteristics and type of root 
system (Baitulin 199 1 ).  Therefore, investigations of the 

structure of subterranean plant parts and their distribution 

in different ecosystems are of great scientific importance. 
The aim of the present investigation was to study the 
development of below-ground organs of mountainous 
plants growing under different environmental conditions. 

Material and Methods 

Root systems were studied using a trench method 

(Taranovskaya 1957). The roots classification was carried 

out by the method described by Baitulin ( 1987). The 
investigations were carried out for 25 dominant or sub
dominant species occurring in natural plant communities 
of alpine and subalpine, forest and shrub forest belts of the 

Zailiisky Alatau Range in Kazakhstan, at 1000 to 34 70 m 

above sea level. The nomenclature of the plant species 
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follows the Flora ofKazakhstan (Anon. 1 956, 1958, 1960-

1966) . 

Results and discussion 

Most typical in the alpine belt are low-grass and mixed 
grass alpine meadows. Alpine plants are characterised by 

shallow root systems (to a depth of 55 cm) influenced by 

soil water availability and a short growing period (Table 
1 ) . In the subalpine belt, high-grass and mixed grass 
meadows predominate. Here, plant roots penetrate deeper 

(to a depth of 160 cm).The branching of alpine plant roots 

is abundant and roots are formed of the 3rd to 5th order. 
The structure of the below-ground parts of the plant 

communities in the high mountains is dependent on soil 

temperature, edaphic conditions and the plant community 

(see Table 1 ) .  The predominance of rhizomatous types of 
below-ground organs with the roots spread close to the 

surface is more frequent in the alpine and subalpine belts. 

A large number of plants with a tap-root type of below
ground parts is also frequently found. A new type of the 
root system, the thickened fibrillose tap root of Rhodiola 

coccinea is frequently found. 

The number of species in the forest belt is higher, a 
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Table 1 .  Characteristics of Zailiisky Alatau plant root systems ( 1 984- 1993). 

Area/Species Depth of root system 
penetration (cm) 

Alpine belt 
Rhodiola coccinea 30 
Carex melanantha 55 
Dracocephalum imberbe 38 
Papaver croceum 35 
Leontopodium ochroleucum 23 
Cobresia capilliformis 1 6  

Subalpine belt 
Juniperus turkestanica 160 
Phlomis oreophila 55 
Alchemilla obtusa 37 
Poa alpina 38 
Polygonum nitens 6 

Forest belt 
Picea schrenkiana 150 
Rosa spinosissima 200 
Hypericum scabrum 74 
Thalictrum collinum 42 
Cotoneaster megalocarpa 350 
Cystopteris filix-fragilis 19 

Shrub forest belt 
Malus sieversii 720 
Acer semenovii 5 1 0  
Armeniaca vulgaris 360 
Spiraea hypericifolia 200 
Artemisia santolinifolia 1 40 
Ajania fastigiata 1 20 
Poa pratensis 42 
Carex turkestanica 40 

variety of plant forms occurs (trees, shrubs and grasses) 
and the degree of root-system penetration increases (to a 
depth of 350 cm). Among graminaceous plants there are 
many species rooted near the surface influenced by fre

quent precipitation. Many graminaceous plants of the 

forest belt are characterised by the disappearance of the 
tap root with age and change of the tap-root system to the 

fibrillose one. The degree of branching proceeds up to the 
third and fourth order, very seldom to the fifth-sixth order. 
The forest belt plants are characterised by the tap root, 

fibrillose tap root system and less frequently by the devel
opment of rhizomes. 

The abundance of species and vital forms in plant 
communities of the forest-shrub belt with a large high 
participation of trees and shrubs intensifies the differen
tiation of the below-ground sphere. Particularly the tree 

root systems penetrate deeply into the soil (to a depth of 
720 cm) . 

Most species here are characterised by a tap-root 
system, less frequently by a rhizomatous root system and 

for graminaceous species by a fibrillose type. The branch
ing is intensive and proceeds up to the formation of the 

roots of the 3rd to 6th order, in the trees it can reach the 7th 

to 8th order (Table 1 ) . The horizontal roots are well
developed in trees. E.g., the root system of Armeniaca 

Degree of ramification Type of root system 
(ramification order) 

4 Thickened fibrillose tap root 
3 Rhizomatous 
3 Rhizomatous 
5 Tap root 
3 Rhizomatous 
2 Fibrillose 

7 Fibrillose tap root 
5 Tap root 
4 Rhizomatous 
4 Rhizomatous 
2 Rhizomatous 

4 Tap root 
3 Rhizomatous 
4 Tap root 
3 Fibrillose tap root 
5 Tap root 
2 Rhizomatous 

7 Tap root 
7 Fibrillose tap root 
5 Tap root 
5 Fibrillose tap root 
5 Tap root 
3 Tap root 
2 Fibrillose 
3 Rhizomatous 

vulgaris may be spread in a radius of 1 8.3 m (Baitulin et 
al. 1986). The strongest development of the root system is 
observed among the species of the shrub-forest belt. 
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Root development of Ostrowskia magnifica Regel, 

a rare species in Kazakhstan 

Nazira K. Zhaparova 

Abstract 

Zhaparova, N .K. 1 996. Root development of Ostrowskia magnifica Regel, a rare species in 
Kazakhstan. - Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 91 -7210-08 1-8 .  

Results from several years of investigations on the development of above and below-ground 
organs of Ostrowskia magnifica are presented. Plants of 0. magnifica grown from seeds, 
collected in natural habitats were used. The first stages of root and leaf development were then 
observed in culture. The generative stages of development were observed in the field. The 
different types of shoots and root systems are described. 

Keywords: Campanulaceae; Leaf development; Life stage; Relict species; Root development. 

Unit for Higher Plants, Institute of Botany and Phytointroduction, Timirjazev St., 480070 Alma
Ata, Republic of Kazakhstan. 

Introduction 

Ostrowskia magnifica is a relict species of the Campa

nulaceae family to be found in the mountainous regions of 

Central Asia and of Northern Afganistan. It was included 

in the Red Data Books of the USSR ( 1 978,  1 984), 
Kazakhstan ( 198 1) ,  Uzbekistan ( 1982) and Tajikistan 

( 1988). It is a magnificent plant. During June and July, 1 

to 9 light-lilac flowers appear (Fig. 1 ) . The corolla of the 

flower is very large. 

In the Kazakh territory within the Ugham mountain 

range, three 0. magnifica populations are known along 

the rivers Makbalsai, Almalysai and Pijazlysai. It is found 

in the middle mountain zone on soils with an even distri

bution of stony material throughout the horizon, and 

among tall herbs, shrubs and junipers. A population of 
0. magnifica was studied in the central part of the 

Makbalsai ravine 1 300 m above sea level (Baitulin et al. 

1 993). 

Material and Methods 

On June 1 5th, 1 990, seeds of Ostrowskia magnifica were 

collected from plants in the U gham mountain. The seeds 
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were sown at a depth of 3 cm in soil in October 1 990 at an 

experimental area close to Alma-Ata; thereafter the soil 

was covered with sawdust. Mass-sprouting could be seen 

on the 1 5th-16th of April, 1 99 1 .  Size measurements of 

seeds, germination, stems, leaves and roots were made on 

plants during the springs and summers of 1 990 to 1 993. 

Observations of the population distribution of 0. magnifica 

were carried out in the Makbalsai ravine. The morpho

structure of the below-ground organs of 0. magnifica was 

earlier investigated in these plant communities using other 

methods (Baitulin 1 979). 
Each individual plant was assigned to one of five life

stages :  sprouting, juvenile, immature, virginal (almost 

mature) and generative (flowering adult), depending on 

morphology and size of the shoot. The first stages of 

development were characterised from cultivated plants, 

the generative stage of development from plants of natu

ral habitats. 

Results and Discussion 

The seed stage 

The fruits of 0. magnifica are 18-27 cm long and 22-35 cm 



Fig. 1 .  Ostrowskia magnifica. 

wide, forming boils that chap at the sides. The seeds 
mature in August and are spread through the boil chaps. 

The seeds are numerous, small, egg-shaped, and slightly 

flattened. They are light-yellow in colour with a smooth 

surface. The newly gathered seeds were stored until sow

ing in October 1990. 

The stage of sprouting 

Solitary sprouts could be seen during the first week of 

April 199 1 .  Sprouting takes place above-ground and the 

Fig. 2. The first stages of development of Ostrowskia 

magnifica: a, b: sproutings; c: juvenile; d: immature; 
e: virginal. 

89 

type of sprouting is cotyledonary. Cotyledonary leaves 

appeared at the soil surface when the stems lengthened. 

The cotyledonary leaves are green, oval, with a barely 
perceptible hollow at the base. With fully developed 

sprouts cotyledons are 0.8 - 0.9 cm long and 0.4 - 0.5 cm 

wide. Their stems are 1 .7 - 1 . 8  cm long. The tap root is 

3.0 - 4.5 cm long, white and up to 1 .0 mm thick (Fig. 2a). 

The subsequent development of a sprout is manifested 

in further growing of the cotyledonary leaves and thick
ening of the tap root. In late May cotyledonary leaves are 

1 .5 - 1 .6 cm long and 0.9 - 1 .0 cm wide, their stems being 

up to 2.2 cm long. In its widest part, in the apical section, 

the tap root is 0.3 cm in diameter. From its end a lateral 

root up to 1 .5 cm long and 0. 1 cm in diameter is devel
oped. The latter was found at a depth of up to 0.8 cm 
(Fig. 2b). 

During the first year of growth 0. magnifica plants are 

in the state of sprouting. Cotyledons dry up and fall off 

during the first week of June. The next year a shoot 
renewal bud develops monopodially in the below-ground 

part of the stem of the cotyledonary leaves at the basal 

section of the root. In October the root, being in the 
dormant stage, forms an unevenly thick tuber 1 .2 - 1 .7 cm 

long and 0.4 - 0.5 cm in diameter at its thickest part. The 

renewal bud is found at its basal section and there are 

traces of contraction. 

The juvenile stage of development 

The plants of the second year start growing in the first 

week of May. The juvenile individuals may reach a height 
of 0.8 - 1 .2 cm. Leaves are opposite, orbiculate and of a 

blue-grey and green colour, with shortened internodes. 
Such a stage of the above-ground part of the plant can be 

observed up to the end of the vegetation period, i.e. up to 

the first week of June. The root system is forming a 
tuberlike thickening of roots 2.0 - 2.3 cm long, the diam-
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eter of its thickest parts is up to 0.4 - 0.5 cm and it reaches 
a depth of 1 .2 cm. The shoot renewal bud on the current 

year shoot is sympodial (Fig. 2c). The second-year shoot 

grows over the previous-years shoot, and gives an indica
tion of the number of plants entering into the third imma

ture stage of development. 

The immature stage of development 

The growth of the third-year plants is initiated in late 
April. Then, a 4.0 cm stalk is formed, of which 1 .5 cm is 

distributed below-ground. The lower two pairs of the 
spadelike leaves are opposite to each other. The upper two 

pairs of leaves are whorled and roundish, up to 1 .5 cm 

long and 1 .0 cm wide. The root system consists of a 0.3 -

0.4 cm thick tap root with thin 0.9 - 1 .6 cm long lateral 

roots. Thick first order lateral roots are found at its apical 
part. The first order roots are up to 2.0 cm long, the lateral 

second order roots are up to 0.3 - 0.6 cm long (Fig. 2d). 

Some individuals were equipped with accreted stip

ules in the axis of the second pair of leaves, viz. tiny 
roundish leaves. At the end of the vegetation period the 

above-ground shoot dies off in the second week of June 

and the next year the renewal bud is formed sympodially 
at the basal part of the root. 

Fig. 3. Root system of Ostrowskia magnifica. 
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The virginal stage of development 

The plants of the fourth year can be considered as virginal. 

A characteristic feature at this stage is the formation of 
leaves similar in their outline to those of the adult plants, 

as well as lengthening of the above-ground shoots and 

their internodes. 
Individuals at the virginal stage of development have 

an above-ground stem up to 4.5 cm in height. The length 

of internodes decreases towards the top of the stem. On 

the stem there are four pairs of opposite leaves, the upper

most pair without internodes. The root is thickened and 
resembles a tuber 4.5 cm long and up to 0.3 cm wide at its 
basal part. The roots are up to 1 .3 cm in width. The tap 

root is evenly covered with thin lateral roots. Its apical 

section ends in a thin outgrowth (Fig. 2e) .  The plants can 

remain in a virginal stage for a long period. It is in this 

stage that the length of the stemshoot system is finished, it 

dies off and the sympodial initiation of new stems occurs. 
The number of stem leaves increases, the configuration 

changes and the internodes lengthen. In the below-ground 
organs, further thickening of the tap and lateral roots takes 
place, the basal part of the main root penetrates deeper 
into the ground (Table 1 ) .  

Generative stage of development 

Generative individuals have a height of up to 1 .0 - 1 .  7 m 

in natural habitats, their leaves are large, tender, indented, 
oblong, or oval to oblong. They are usually 8- 15  cm long 
and 2-7 cm wide. Unlike other representatives of the 

Table 1 .  Some characteristics of seedlings of Ostrowskia magni
fica during sprouting, juvenile, immature and virginal stages of 
development. The investigations were carried out in culture. 

Sprouts development 
Mass-sprouting 
Type of sprouting 

Sprouting 
Length of the root (cm) 
Width of the root (cm) 

Juvenile stage 
Length of the root (cm) 
Width of the root (cm) 

Immature stage 
Length of the root (cm) 
Width of the root (cm) 

Virginal stage 
Length of the root (cm) 
Width of the root (cm 

3-4. IV 
1 5-16. IV 

cotyledonary 

3.0-4.5 
0. 1 

2.0-2.3 
0.4-0.5 

1 .3-1 .5 
0.9- 1 .0 

4.2-4.5 
0.3- 1 .3 



family Campanulaceae, the 0. magnifica plants have a 

whorl, consisting of 4-6 (7) leaves. There may be 6 to 1 0  

whorls close to each other in the lower part of the stem. 

The generative stem is not specialised and has a flower 
of closed type developed monopodially at the top of the 

first flowering stem. Older plants have a simple penicillate 

occurrence of flowers. Adult 0. magnifica plants have 

tuberous thick tap roots, thinly branched and sprawling 

(Fig. 3) .  The roots are spread within a radius of about 30 

cm. When broken, a white milky substance is secreted. 
The basal part of the root penetrates as deep as 93 cm and 
may form lateral roots of the third order. Primary lateral 

roots may be up to 48 cm long, the secondary ones 9 cm 

and the tertiary ones 0.5 - 0.6 cm. Lateral roots are able to 

penetrate as deep as 54 cm and have a storage function. 

They are light-brown, smooth, fleshy and winding. On the 
root system there are numerous fine roots, which rapidly 

dry up in the air. 

On the basis of our data, we consider 0. magnifica as 

a polycarp due to its rosette-like closed shoot. The vir

ginal stage of development lasts 5-6 years. The plant 
belongs to the tap-root species with thickened main and 

lateral roots, it is a geophyte, and an ephemeroid type of 
plant species. 
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Root development of Fritillaria sewerzowii Regel 

(Liliaceae) in Tien Shan, Kazakhstan 

Anna A. lvaschenko 

Abstract 

Ivaschenko, A.A. 1 996. Root development of Fritillaria sewerzowii Regel (Liliaceae) in Tien 
Shan, Kazakhstan. - Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 9 1 -721 0-08 1 -8 .  

Specialised contractile roots of Fritillaria sewerzowii appear for the first time on older juvenile 
plants and are then found in numbers of 1-5 on mostly immature or virgin plants. The 
adventitious root system changes to a more proliferated one from juvenile to immature and virgin 
plants. All immature and virgin plants have up to 10- 1 5  adventitious roots . Each of these roots 
has 14-32 lateral roots of the first order. Consequently, Fritillaria sewerzowii, growing in arid 
regions, is equipped with a root system with considerable absorbing capacity. 

Keywords: Adventitious root; Bulb; Contractile root; Liliaceae; Tap root. 

Flora Laboratory, Main Botanical Garden of Kazakhstan, National Academy of Sciences, 
Timiryazeva str. 46, Alma-Ata 480070, Republic of Kazakhstan. 

Introduction 

Fritillaria sewerzowii Regel is a Central Asian endemic 

species (Fig. 1 ), which grows in western Tien Shan and 

Pamir Alai (Kazakhstan, Uzbekistan and Tajikistan). It is 

of particular interest as an ornamental, nutritive and me

dicinal plant (cf. Pavlov 1 947) . 

Previous investigators (Bochantseva 1963; Lapteva 

1972; Baranova & Zaharieva 198 1) paid much attention 

to the seedling morphology of this species but did not 

describe the changes in its root system for different age 

groups. The present study is devoted to the structural 

properties of the root system of Fritillaria sewerzowii and 

its development. 

Material and Methods 

Investigations were carried out on the formation of root 

systems in natural populations of Fritillaria sewerzowii in 

western Tien Shan (in the territory of the Aksu-Dzhabagly 

reserve). In the study area 5- 15  specimens from each age 

subgroup: juvenile, virgin and generative plants, were 
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dug out, described and measured in detail according to the 

method developed by Rabotnov ( 1 950) .  Stem length, size 

of the bulb and leaf area were measured and the number of 

leaves, flowers and different types of roots were counted 

for each excavated plant. 

The weight of the whole plant and of its detached bulb 

was determined by weighing plants of different age classes. 

Data on duration of the different age classes were cor

rected comparing with data from known age populations 

followed during many years of observation. Shape and 

size of the bulbs, dry weight and structural characteristics 

of the root systems, related to characteristics of the above

ground shoot, were used as the main criteria for distin
guishing the different subgroups .  

Results 

Our study revealed that the most intensive increase in 

plant size and dry weight (e.g. the bulb weight) took place 

within the regenerative developmental period (500 times 

of the initial value); accompanied by the consecutive 

replacement of the stages of above-ground shoot growth 



Fig. 1 .  Fritillaria sewerzowii Regel. 

by the increase from monophyllous to di, tri , or 

tetraphyllous (Tables 1 and 2). 
The change to the generative state is marked by change 

of bulb shape, from oblong in juvenile and almost spheri

cal in immature specimens to slightly compressed in the 
horizontal plane - the bulb height is smaller than its width. 
Young generative specimens have a minimum of five 
stem leaves. 

Table 1 .  Morphological characterisation of one-leaf juvenile plants. 

Age Size of the bulb 
(yr) (mm) Number of roots 

Height Width Primary roots Proliferated adv. roots 

2 5.0 3 . 1 2-3 
3 6.2 4.4 3-5 
4 7.4 5 .6 4-6 
5 10.0 6.0 7-8 
6 1 1 .6 8.0 8- 10  1 
7 15 .6 9.6 4-6 
8 1 9.0 12.5 5-6 
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It was determined that during the life history of 

Fritillaria sewerzowii several root types are replaced from 
the tap root to adventitious roots (primary, proliferated 

adventitious and contractile roots). Below we give a de
tailed description of these types and their gradual changes 

for different age classes. 

Seedlings of the first year have a short tap root of 1 

mm in diameter, densely covered with root hairs. This 
root is active only for a short period in spring. Adventi

tious roots on juvenile plants appear in the 2nd year in 

increasing numbers. Specialised contractile roots appear 

for the first time on older juvenile plants. The majority of 

specimens of subsequent regenerative age classes have 1 -
5 of  those roots (Tables 1 ,  2 ) .  They are very rare in 

generative specimens. 

Contractile roots have a different width and they are 

twice as short as ordinary adventitious roots (only 2-4 cm 

long). The length of their basal part is one third or half 
their total length, the diameter is 3 .5-4 mm, the apical part 

is considerably thinner and has root hairs. Thus, contrac
tile roots combine both contractility and feeding func

tions. Usually contractile roots appear at the same time as 
structural changes take place on the adventitious roots. 
One or more out of 6- 10  roots of 5-6 year old seedlings 

start branching. Immature specimens and those of subse

quent age groups usually have roots with a branching 

structure at a distance of 1 .5-3 cm from the bulb (Table 2). 

Primary roots occur in immature specimens only in ex

ceptional cases. 

As a result, the root systems of generative plants 
usually consist of 10- 1 5  proliferated roots with 14-32 

lateral roots of the first order (only 4-6 on each root of 
immature specimens). Bulbs of this period are distributed 

at a depth of 5-14 cm, the length of each root is 1 5-20 cm, 
total length of root system of one specimen may reach up 
to 3-5 m. Thus, the adventitious roots of Fritillaria 

sewerzovii have a considerable absorbing capacity. 

Contractile roots 

1-3 

Dry weight (g) 

Whole plant Bulb 

0.05 0.02 
0. 1 3  0.05 
0.2 1 0. 1 1  
0.48 0. 1 7  
0.72 0.30 
1 .56 0.7 1 
3 .32 1 .63 
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94 Root development of Fritillaria sewerzowii 

Table 2. Morphological characterisation of immature and virginal plants. 

No. of Size of the bulb 
leaves (mm) Number of roots 

Height Width Primary roots Proliferated adv. roots 

Immature plants 
2 17 13  3-5 
3 17  15  4-6 
4 1 6  1 6  4-7 

Virgin plants 
5 22 20 5-7 
6 23 23 6-8 
7 23 24 5-9 
8 27 28 < 1 4  

Discussion 

The analysis of morphological changes of Fritillaria 

sewerzowii in comparison with other representatives of 
the same genus, taking into account the classification of 
Baranova ( 1 98 1), provides the information that this spe

cies has a progressive character (tunic covered bulb, an
nual specialised roots, ephemeroidness), but at the same 
time some regressive characters (shoot development, pro

liferation of roots, suppression of vegetative propagation) 
and unstable characters (long pregenerative period, suc

culent scales in the bulb, development of contractile roots). 

It may be useful to move this species, due to the structure 
and development of its shoots, to a special subtype in the 
classification system suggested by Baranova ( 1 98 1) .  
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Growth of seedling roots under hydration -

dehydration regimes 

Natalie V. Obroucheva & Olga V. Antipova 

Abstract 
Obroucheva, N.V. & Antipova, O.V. 1 996. Growth of seedling roots under hydration - dehydra
tion regimes. - Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 9 1 -72 1 0-08 1 -8 .  

The growth of primary roots of Vicia faba minor L. (broad bean) was studied with respect to 
desiccation. Seeds or roots were exposed to hydration - dehydration - rehydration, the magnitudes 
of which were estimated by water content in the roots. Starting from a water content of 68 % of 
fresh weight, an acceleration of rehydration, in comparison with hydration, was recorded, 
apparently due to accumulation of endogenous osmotica. The desiccation did not affect the root 
growth, i .e. it recovered almost completely after rehydration, while roots were growing by cell 
elongation only (up to 6 mm). The irreversible damage of longer roots occurred at the beginning 
of cell divisions in meristems. 

Keywords: Cell division; Cell elongation; Desiccation; Hydration; Rehydration; Root growth. 

Institute of Plant Physiology, Russian Academy of Sciences, Botanical Street 35, 1 27276, 
Moscow, Russia. 

Introduction 

Root growth is favoured by the water supply maintaining 
the tissue water content within the range of 80-90 % of 
fresh weight. However, in emerging roots, optimum water 
content is lower, because they start their growth by cell 
elongation at a water content of 72-73% (Obroucheva 
1 99 1 ) . Progressive cell elongation, accompanied by an 
intense vacuolation, results in a higher water content in 
the growing roots. 

Under natural conditions, the seedling roots often 
meet unfavourable soil water regimes due to alternate 
drying and water-logged soils.  The behaviour of seeds 
exposed to hydration, dehydration and rehydration was 
studied in detail. With all seeds tested, accelerated radicle 
emergence was recorded in the seeds imbibed after their 
desiccation as compared to the non-dehydrated seeds. 
Nevertheless, this difference turned out to be apparent, 
because in the seeds imbibed after dehydration, the 
time of initial hydration was not taken into account 
(Akalehiywot & Bewley 1 980; Obroucheva & Antipova 
1 985) .  

This work was undertaken to study the growth of roots 

emerged from the hydrated, dehydrated and rehydrated 
seeds or roots exposed to dehydration - rehydation after 
their emergence. 

Material and Methods 

The seeds of Viciafaba minor L. (broad bean), cv. Aushra, 
were germinated in darkness at 27 oc on pleated filter 
paper placed in glass-covered trays and moistened with 
distilled water. Control seeds were not desiccated. Other 
seeds were hydrated up to fixed water contents in the axial 
organs and then desiccated by exposing to dehydrated 
CaC12• In the preliminary experiments, the time for desic
cation to predetermined water content in axial organs was 
estimated. The desiccated seeds were then rehydrated to 
predesiccation level and germination proceeded (Obrou
cheva & Antipova 1 985).  The dehydration - rehydration 
was imposed before radicle emergence or later, during 
root growth. 

Water content was measured by weighing oven-dry 
plant material and expressing water as a percentage of 

Acta Phytogeogr. Suec. 81 



96 Growth of seedling roots under hydration - dehydration regimes 

fresh weight. The experiments were triplicated, each sam
ple comprising 30 seeds. The hydration, dehydration and 
rehydration procedures were performed with an accuracy 
of the error mean equal to 1 .5%.  The standard error of root 
length measurements did not exceed 1 0 % of mean. 

Results and Discussion 

very rapid water uptake after desiccation. Among such 
solutes glucose and K+ ions are accumulated (Obroucheva 
& Antipova 1 989).  Thus, just prior to radicle emergence, 
an osmotic mechanism of water uptake is formed, neces
sary for further root growth. 

The procedure of desiccation, which interrupted the seed 
inhibition period, did not affect the water content in 
radicle and hypocotyl after recovery. Hence, the dehydra
tion - rehydration did not affect the water status of roots. 
Close inspection of the results of these experiments (Ta
ble 1) shows the acceleration of rehydration as compared 
to hydration rate. It starts prior to radicle emergence, at 
68% water content, and can be attributed to accumulation 
of additional solutes in root and hypocotyl providing a 

The desiccation of seeds with non-emerged radicles, 
as well as during their protrusion, did not affect further 
root growth after rehydration. However, 7 mm long 
roots (40 h of inhibition) survive only a weak dehydra
tion, whereas a severe water loss causes root death. 
Hence, at a length of 6-7 mm the roots become desicca
tion-sensitive. Such loss of tolerance to desiccation was 
described in many seeds (Hegarty 1 977) and often corre
sponded to the radicle emergence. In terms of cell growth, 
the appearance of sensitivity to dehydration coincides 
with the beginning of mitotic activity in the root 
meristems. In most seeds, the cell divisions start at 
radicle emergence, whereas in broad bean seeds they 
commence, when the roots are 6 mm long. Premitotic 

Table 1 .  Root growth and rehydration rate in seeds exposed to hydration - dehydration - rehydration. A. Before radicle protrusion (control 
roots grow up to 3. 8 mm); B. At radicle protrusion (control roots grow up to 3. 8 mm); C. After radicle protrusion (control roots grow 
up to 7.4 mm). 

Range of seed dehydration 

- rehydration expressed as initial 

Inhibition and final water contents in axial organs 

time (h) (% fresh weight) 

A 3 30-20-30 

6 50-40-50 

6 50-30-50 

6 50-20-50 

9 60-50-60 

9 60-40-60 

9 60-30-60 

9 60-20-60 

1 2  65-50-65 

1 2  65-40-65 

1 2  65-30-65 

1 2  65-20-65 

1 6  68-50-68 

16 68-40-68 

1 6  68-30-68 

1 6  68-20-68 

B 1 8  72-60-72 

1 8  72-50-72 

1 8  72-40-72 

1 8  72-30-72 

1 8  72-30-72 

c 29 84-70-84 

29 84-60-84 

29 84-50-84 

29 84-40-84 

29 84-30-84 

40 89-70-89 

40 89-60-89 

* - control roots grow up to 24.4 mm 
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Rehydration rate as compared 

to hydration control seeds 

no acceleration 

3 . 3-fold ace.  

3 .0-fold ace.  

2.6-fold ace.  

2.0-fold ace.  

9.0-fold ace . 

5 .0-fold ace 

6.0-fold ace.  

4.3-fold ace.  

3 . 5-fold ace 

6.5-fold ace.  

7 .3-fold ace.  

6.0-fold ace. 

5 .2-fold ace .  

4.0-fold ace.  

Initial length 

of radicle (mm) 

1 .3 

1 .4 

1 .4 

1 .4 

1 .4 

1 .4 

1 .4 

1 .4 

1 .6 

1 . 6  

1 .6 

1 .6 

1 .9 

1 .9 

1 . 9 

1 .9 

2.0 

2.0 

2.0 

2.0 

2.0 

3.6 

3.6 

3.6 

3.6 

3.6 

7.4 
7.4 

Length of radicle 

at the end 

of the experiment (mm) 

3 . 8  

4.0 

4. 1 

4.2 

4.9 

3 .9  

3 .9  

3 . 8  

4 . 5  

3 . 8  

3 .7 

3 .7  

4 .0  

3 .7  

3 .3  

3 .6 

5 .2  

3 .5  

3 .8  

3 .9  

3 .6  

6.5 

5.8 

4.7 

4.0 

4.3 

9 . 1  * 

no survival 



Growth of seedling roots under hydration -

dehydration regimes 

Natalie V. Obroucheva & Olga V. Antipova 

Abstract 
Obroucheva, N.V. & Antipova, O.V. 1996. Growth of seedling roots under hydration - dehydra
tion regimes. - Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 9 1 -7210-08 1 -8.  

The growth of primary roots of Vicia faba minor L. (broad bean) was studied with respect to 
desiccation. Seeds or roots were exposed to hydration - dehydration - rehydration, the magnitudes 
of which were estimated by water content in the roots. Starting from a water content of 68 % of 
fresh weight, an acceleration of rehydration, in comparison with hydration, was recorded, 
apparently due to accumulation of endogenous osmotica. The desiccation did not affect the root 
growth, i.e. it recovered almost completely after rehydration, while roots were growing by cell 
elongation only (up to 6 mm). The irreversible damage of longer roots occurred at the beginning 
of cell divisions in meristems. 

Keywords: Cell division; Cell elongation; Desiccation; Hydration; Rehydration; Root growth. 

Institute of Plant Physiology, Russian Academy of Sciences, Botanical Street 35, 1 27276, 
Moscow, Russia. 

Introduction 

Root growth is favoured by the water supply maintaining 

the tissue water content within the range of 80-90 % of 
fresh weight. However, in emerging roots, optimum water 
content is lower, because they start their growth by cell 

elongation at a water content of 72-73% (Obroucheva 

1991 ) .  Progressive cell elongation, accompanied by an 

intense vacuolation, results in a higher water content in 

the growing roots. 
Under natural conditions, the seedling roots often 

meet unfavourable soil water regimes due to alternate 
drying and water-logged soils. The behaviour of seeds 
exposed to hydration, dehydration and rehydration was 

studied in detail. With all seeds tested, accelerated radicle 

emergence was recorded in the seeds imbibed after their 
desiccation as compared to the non-dehydrated seeds. 

Nevertheless, this difference turned out to be apparent, 

because in the seeds imbibed after dehydration, the 

time of initial hydration was not taken into account 

(Akalehiywot & Bewley 1980; Obroucheva & Antipova 

1 985). 
This work was undertaken to study the growth of roots 

emerged from the hydrated, dehydrated and rehydrated 
seeds or roots exposed to dehydration - rehydation after 

their emergence. 

Material and Methods 

The seeds of Viciafaba minor L. (broad bean), cv. Aushra, 

were germinated in darkness at 27 oc on pleated filter 
paper placed in glass-covered trays and moistened with 
distilled water. Control seeds were not desiccated. Other 
seeds were hydrated up to fixed water contents in the axial 
organs and then desiccated by exposing to dehydrated 

CaC12. In the preliminary experiments, the time for desic

cation to predetermined water content in axial organs was 

estimated. The desiccated seeds were then rehydrated to 
predesiccation level and germination proceeded (Obrou

cheva & Antipova 1985). The dehydration - rehydration 
was imposed before radicle emergence or later, during 

root growth. 

Water content was measured by weighing oven-dry 
plant material and expressing water as a percentage of 
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Root development in maize exposed to an excess of water 

Introduction 

Galina M. Grinieva & Tatiana V. Bragina 

Abstract 

Grinieva, G .M. & Bragina, T.V. 1996. Root development in maize exposed to an excess of water. 
- Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 9 1 -72 1 0-08 1 -8 .  

Excess of water accompanied by low oxygen supply induces tolerance to flooding in maize 
plants. Despite growth inhibition, the stem base undergoes hypertrophy. Gas spaces improve 
aeration of both this zone and adventitious roots. We studied the symptoms of injury and 
adaptation under flooding. As flooding proceeded, the cellulase activity gradually rose in 
adventitious roots. Its maximum activity was found after 3-5-d of flooding (buffer pH 5.84 + 1 
M NaCl) and after 7 -8-d of flooding (buffer pH 6.45) .  The latter coincided with rapid aerenchyma 
expansion. During longer periods of flooding enzyme activity dropped. Probably differing forms 
of cellulase gave two peaks during flooding. Porosity in adventitious roots and in stem base 
increased 1 .5-fold compared to the control plants. Acidification of root medium and marked pH 
decrease in root tissues occurred during flooding, but no acidosis was observed in the stem base. 
Processes stimulated by ethylene and regulating aerenchyma formation may be controlled by 
extra and intracellular pH. Completely submerged plants stopped their growth and died due to 02 
shortage. Adaptation to hypoxia is controlled by interaction of plant organs supplying under
ground parts with atmospheric 02. If a plant does not receive 02, as in the case of total 
submergence, such adaptive mechanisms are considerably inhibited. 

Keywords: Acidification; Cellulase activity; Flooding; Zea mays. 

K.A. Timiryazev Institute of Plant Physiology, Russian Academy ofSciences, Ul. Botanicheskaya 
35, Moscow, 127276, Russia. 

Young maize plants can adapt rapidly to an excess of 

water, if only the roots and shoot bases are exposed to 

flooding. Excess water, accompanied by low oxygen con

tent, promotes tolerance to waterlogging in relatively 

adaptable plants, including maize. Despite the fact that 

the longitudinal growth of maize is inhibited, the stem 

base undergoes hypertrophy due to expansion of paren

chymatic cells, specific primary thickening of the inter

calary meristem (Borzova & Michalevskaja 1 969) and 

gas spaces, improving aeration of this zone appear in the 

leaf sheaths (Grinieva 1975; Jackson 1989). Appearance 

of gaseous and intracellular spaces are also observed in 

adventitious roots emerging from the shoot-base (Grinieva 

1975 ; Drew et al . 1 979; Grinieva et al. 1986). Based on 

these considerations we studied symptoms of injuring and 

adaptation in maize exposed to prolonged waterlogging. 

The pH of the root tissues and rhizosphere can also play an 

important role in metabolic regulation in waterlogged 

plants (Roberts et al . 1 985). Flooding also lowered pH in 

the root tissues. 

Our work examines (a) root and shoot base acidifica

tion and (b) cellulase activity in relation to aerenchyma 

development in adventitious roots. 

Material and Methods 

Maize (Zea mays L., cv. Odesskaya 10) was grown on wet 

gravel under 70 wm-2 irradiance with a 1 2-h photoperiod 

at 23 oc for 10 days. The seedlings were flooded to a 

depth of 2-3 cm above gravel level. Control plants grew 
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Table 1 .  Cellulase activity in adventitious roots under different periods of flooding (production of glucose X mol h-1 ) .  

Duration of flooding 0.066 M K-phosphate buffer, 
at pH 5 .84 + 1 M NaCI 

(days) No flooding Flooding 

3 2.28 ± 0.20 8.29 ± 1 .0 1  
4 2.49 ± 0.22 5.87 ± 0.52 
5 1 .96 ± 0.32 3 .76 ± 0.33 
7 0.29 ± 0.03 0.94 ± 0. 1 0  
8 0.39 ± 0.05 1 .0 1  ± 0. 1 1  
9 0.09 ± 0.0 1 0.30 ± 0.03 
10 
1 1  

on wet gravel under normal aeration. The experimental 

flooding lasted 1 - 15 days (Grinieva et al. 1986). Tissue 

pH was recorded using an ionometer in the homogenates. 
For cellulase activity, the reducing sugars liberated were 

determined by the procedure of Nelson ( 1 944 ) , modified 
by Somogyi ( 1 952) . This method has been used widely 
for measuring cell wall-degrading enzymes (Feniksova et 
al. 1975;  Nagar et al. 1 984; Grinieva & Bragina 1 993). 

For this purpose two separate experiments were carried 
out: ( 1 )  a homogenate was made from adventitious roots 
(5 g) ground in a double volume of 0,066 M potassium
phosphate buffer at pH 6.45, or (2) a double volume of 
buffer at pH 5.84 + 1 M NaCl was added. After centrifu

gation, 1 ml of supernatant together with 2 ml 2.5% Na

carboxymethylcellulose (Sigma, USA) and 2 ml 0 . 1 M 

acetate buffer pH 4.7 were incubated at 40 °C for 24 h. 
The enzyme activity was expressed as glucose production 

rate (X mol glucose * h1) .  The pH and substrate concentra
tion were optimal. The experiments used 10  plants in each 

test and each test was repeated 4-6 times. The develop
ment of aerenchyma was observed using light and a 

scanning microscope (Grinieva et al. 1986). The data 

presented in the paper are means and standard errors.  

Results and Discussion 

Table 1 shows that as flooding proceeded, the cellulase 

activity gradually rose in adventitious aerenchymatous 
roots. The maximum enzyme activity was found after 3-5 

days of waterlogging (buffer pH 5 .84 + 1 M NaCl) and 

after 7-8 days of waterlogging (buffer pH 6.45). At that 
particular time, rapid aerenchyma expansion occurred. 
During longer flooding, enzyme activity dropped. It was 
shown that cellulase can materialize in different forms.  

There are probably two forms of cellulase which operate 

in different ways at the beginning of flooding and later on. 

In our experiments, aerenchyma development occurred 

primarily in adventitious roots. It was also found (Grinieva 
& Bragina 1 993) that porosity increased by 1 .5 times 

0.066 M K-phosphate buffer, 
at pH 6.45 

No flooding Flooding 

3 .77 ± 0.28 0.62 ± 0.07 
3 . 1 1  ± 0.37 0.9 1 ± 0.12 
1 .58 ± 0 . 1 7  1 .05 ± 0. 1 1  
1 .68 ± 0. 16  2.05 ± 0.23 
1 . 14 ± 0.07 2.27 ± 0.29 
0.93 ± 0. 12 1 .59 ± 0. 15  
0.54 ± 0.08 0.82 ± 0. 10 
0.37 ± 0.04 0.49 ± 0.06 

compared to the control in adventitious roots and in the 

stem base in response to flooding. In the main root, this 

value changed negligibly. 
A noticeable pH decrease occurred in root tissues 

under flooding, but no acidosis was observed in the shoot 
base tissues (Fig. 1 ) .  The pH changes in shoots and roots 

occurred differently, giving evidence for possible control 

of this process. It was found that the changes of pH of the 

flooding medium were early symptoms of flooding stress 
(Drakeford & Reid 1 984). In our experiments acidifica
tion of the root medium soon became evident. The pH of 
the medium increased slightly as flooding was prolonged 
(Grinieva & Bragina 1 993). Processes stimulated by eth-

pH 

6 , 5 

6,0 

5,5 

o ��������--�._������ 
2 3 4 5 6 7 8 9 1 0  11 1 2  13 1 4  

days 

Fig. 1 .  Changes in pH of the tissues in the roots and stem base. 
--.--- = Main root; -o- = Adventitious roots; -A- = Stem 
base; -- = No flooding; - - - - -= -Flooding. 
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ylene and resulting in aerenchyma formation may be 

controlled by extra- and intracellular pH. Responses to the 

lowered pH occur immediately (Rayle & Cleland 1970). 
Biosynthesis of ethylene precursors intensifies just at the 
pH decline. 

Rapid adaptation of young maize plants to flooding is 

principally a result of their ability to redistribute functions 
among their organs. The alterations in growth rates of 

plant organs is an important adaptive response to flood

ing. Waterlogging retards root growth compared to shoots, 
as shown earlier (Grinieva et al. 1986). The growth inhibi

tion of the main root promoted an emergence of adventi

tious roots from the lowest internode of the stem. The 

stem base plays an important regulatory role in plant 

adaptation to flooding. In this zone the development of 

metaxylem and phloem bundles was enhanced and initi

ated the formation of sclerenchyma. The vessel cell walls 

in the vessels became thinner. Formation of air and inter

cellular spaces occurred in the primary cortex of adventi

tious roots, in their elongation zone, and, especially, in 

their zone of differentiation (Grinieva et al. 1986). 

Conclusions 

The enhancement of ethylene concentration in plant tis
sues coincided with the development of gas spaces in the 
cortex (Jackson 1989). Processes stimulated by ethylene 
and resulting in aerenchyma formation may be controlled 

by extra and intracellular pH. Biosynthesis of ethylene 
precursors intensifies just at the pH decline. In maize 
plants, acidification of the root medium and marked pH 
decrease in root tissues occurred under flooding condi
tions but no acidosis was observed in the tissues of the 

stem base. 

It was found that under flooding conditions the cellulase 

activity gradually rose in adventitious, aerenchymatous 

roots. It was shown that there are at least two forms of 

cellulase which operate in different ways: at the begin

ning of flooding or later on. In our experiments different 

forms of cellulase result in two peaks: after 3-5 days and 

after 7-8 days of flooding. Enzyme activity dropped after 
a prolonged time of flooding. 

Thus, regulatory adaptive mechanisms appeared in 

maize under short-term flooding. Adaptation to hypoxia 

is controlled by the interaction of plant organs supplying 

underground parts with atmospheric oxygen. If a plant is 

deprived of oxygen supply, as in the case of complete 

submergence (Grinieva & Bragina 1 989), such adaptive 

mechanisms are considerably inhibited. 
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Effects of water stress on the roots of Pisum sativum L. 

(pea) seedlings and tolerance of meristematic tissues 

to dehydration 

Donato Chiatante, Lucia Maiuro & Gabriella Stefania Scippa 

Abstract 

Chiatante, D.,  Maiuro, L. & Scippa, G.S.  1996. Effects of water stress on the roots of Pisum 
sativum L. (pea) seedlings and tolerance of meristematic tissues to dehydration. - Acta 

Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 9 1 -7210-08 1-8.  

Pisum sativum L. (pea) seedlings (5 days old) were treated with polyethylene glycol to induce 
water stress.  A progressive water depletion and growth arrest was observed in roots at a water 
potential of - 1 .7 MPa. The growth arrest was irreversible only when excessively young 
seedlings were used for the experiments. Proteins extracted from root meristems of control or 
stressed plants, showed a number of quantitative differences, particularly in the plasma mem
brane fraction. In a crude homogenate fraction obtained from stressed meristems, a protein 
similar to QP47 (a nuclear protein involved in tolerance to dehydration) was identified and 
seemed to increase its content in relation to the control. We hypothesised that changes in plasma 
membrane properties and protection of the structural organisation of the chromatin in the nuclei 
may be necessary to increase the tolerance of pea seedlings root meristems to water depletion. 

Keywords: Pea seedling; Proliferation; Protein; Root meristem; Water stress. 

Dipartimento di Scienze Animali, Vegetali e dell 'Ambiente, Universita degli Studi del Molise, 
via Cavour 50, 86100 Campobasso, Italy. 

Introduction 

Plant productivity is greatly affected by environmental 
stress, and genetic improvement of stress tolerance is an 

urgent requirement for the future of agriculture. Although 
genetic methods based on cross and selection schemes 

have contributed considerably toward stress-related crop 
improvement, it seems clear that any further advance in 
this sector will depend on the possibility of using a mo

lecular genetic approach which will allow individual 
genes to be isolated and tested. As a consequence of this, 

genetic improvement based on the new biotechnological 
techniques is an important challenge for the coming years 

(Bartels & Nelson 1 994). 
It is known that salt, cold and drought all lead to 

depletion of cellular water. As a consequence, good 
knowledge of the biochemical mechanisms responsible 
for tolerance to cell dehydration could help in understand

ing how the plant responds to this type of stress in the 

field. In nature, there are plants with spontaneous toler
ance to dehydration such as poikilohydric angiosperms 

and mosses (Bopp & Werner 1993); therefore, it is not 
surprising that such plants have been used as models to 

study the tolerance of plants to dehydration. A number of 

genes which can be related to the tolerance of these plants 
to dehydration have been identified. These genes have 

been divided into families (rab, dehydrins, lea) and sev

eral of them turn out to be well conserved in the plant 

kingdom (Detlef et al. 1 994). To date, speculations have 
been made concerning the physiological function of these 
proteins based essentially on the characteristics of the 
aminoacidic sequence deduced from the gene or the regu

lation of gene expression. The use of mutants has demon

strated that this type of tolerance is not the result of the 
action of a single gene product but more probably the 

result of several simultaneous related factors (Ooms et al. 

1 994 ) . However, very little is known about the cellular 
location of the proteins related to water stress. Many 

studies have been devoted to the resistance of leaves and 

shoots of tolerant plants to dehydration whereas less at

tention has been given to the roots and in particular to their 
meristematic regions, which are anatomically unprotected 
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against the loss of water. Therefore, we investigated the 

tolerance of pea embryo root meristems to complete des

iccation during seed maturation. In particular, we investi

gated the tolerance of the nucleus to the conditions of 

extreme dehydration typical of embryonic cells in dry 

seeds ( Chiatante et al. 1 994) . 

In this paper, we investigate the tolerance of pea 

seedling root meristems to different degrees of water 

stress induced by an osmoticum (PEG). After finding an 

experimental condition under which the seedlings showed 
tolerance to water stress, we examined (by SDS electro

phoresis) the pattern of proteins present in the root 

meristems to find if specific proteins are synthesised 
under stress conditions. We also investigated the quantita

tive changes of a nuclear protein (QP47) which seems to 

be active in protecting the nucleus during seed embryo 

dehydration in several higher plants (Chiatante et al. 

1994). The possibility that the tolerance of pea seedling 

root meristems to water stress depends on the quantitative 

changes of specific cytoplasmatic and nuclear proteins is 

discussed. 

Material and Methods 

Preparation of seedlings 

Dry seeds of Pisum sativum L. cv. Lincoln were surface 

sterilised with 1 5 % (v/v) sodium hypochlorite for 30 min, 

rinsed in running tap water for 1 h, left at room tempera

ture for 4 h and put on moist agriperlite until use at 24 oc 
in the dark. After 5 days the seedlings were rinsed in tap 

water and put to grow with their roots immersed in 

Hoagland medium, the liquid medium contained different 

concentrations of PEG. The seedlings were grown in 

treatment solutions in the light or in the dark at 24 o C for 

different periods of time. To reverse the inhibition on the 

growth exerted by the osmoticum, we rinsed the seedlings 

in tap water several times before putting them to grow 

again in Hoagland medium. The length of the seedlings 

from the shoot tip to the root tip was measured at regular 

time intervals. 

Protein fractionation 

Meristematic root tips (0 - 2 mm) were excised and col

lected in extraction buffer (0.4 mM sucrose, 25 mM Tris/ 

HCl pH 7.6, 10 mM MgC12, 10 mM -mercaptoethanol) 

and 30% (v/v) glycerol. The tissue was homogenised in a 

glass homogeniser, filtered through 3 layers of Miracloth 

and centrifuged at 800 g for 10  min. The pellet was 

discarded and the supematant was centrifuged at 3000 g 

for 30 min. The pellet was considered as chromatin or 

nuclear fraction because it was enriched with broken 
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nuclei (the fraction was stained by DAPI and examined 

with a Leitz light-microscope) and was resuspended in gel 

electrophoresis loading buffer. The supematant was cen

trifuged at 10 000 g and the pellet discarded. The super

natant was centrifuged at 85 000 g for 1 h and the pellet 

was considered a putative plasma membrane - enriched 

fraction and resuspended in gel electrophoresis loading 

buffer. The purity of this fraction was not checked. The 
supernatant was saturated with ammonium sulphate and 

centrifuged to collect the precipitated proteins. The pelleted 

proteins were resuspended in electrophoresis running 

buffer, dialysed against the same buffer, freeze-dried to 

reduce the volume and used as a soluble protein fraction. 

Alternatively, an aliquot of homogenate was mixed with 

gel electrophoresis loading buffer and used as a crude 

homogenate fraction. 

Gel electrophoresis and immunoblotting 

Aliquots of the various fractions containing approximately 
20 �g proteins were used for electrophoresis gel prepara

tion. Electrophoresis was conducted according to Chiatante 

& Onelli ( 1993). Electrophoresed gels were blotted on 

nitro-cellulose membranes. The nitro-cellulose membranes 

were tested for presence of QP47 by incubating with 

QP4 7 primary antibody and using a secondary antibody 
reaction with alkaline phosphatase. 

Results 

We found that the presence of osmoticum (PEG) in the 

liquid of culture medium exerted an evident inhibitory 

action on the pea seedling growth. In our experiments, the 

seedlings were grown normally for 5 days before the 

treatments with osmoticum. The treatments were contin

ued for different periods of time ranging from a few hours 

up to 1 week. Osmoticum concentrations of less than - 0.5 
MPa were ineffective, whereas the maximum inhibitory 

effect was observed at a concentration of- 1 .  7 MPa when 

the seedling growth was arrested completely in compari

son to the control, and also showed a considerable water 

loss from the roots as was made clear by a visible reduc

tion in their diameter (particularly evident in the root tip, 

see Fig. 1 ) .  All the effects observed during the treatments 

reverted in few hours after washing the roots in running 

tap water. The highest osmoticum concentration used in 

our experiments was not, however, toxic as shown by the 

fact that all the plants were able to resume their growth 

after the treatments. 

We observed a large difference between plants stressed 

in the dark or in the light (Fig. 2). The maximum inhibi
tory effect was visible in plants stressed in the light. 

Furthermore, we also observed a relationship between the 



A 8 

Fig. 1 .  Effect of PEG on the reduction in diameter of pea 
seedling roots. The water loss is made clear by the reduction in 
diameter of the roots (B). The control is shown in A. The 
seedlings have been stressed for 24 h in darkness at 24 o C. The 
arrows point to the root axis. No visible effect is present in the 
shoot of the stressed seedling. 

Fig. 2.  Different effects of water stress 
on pea seedling growth rate in absence 
(A) or presence of light (B). 
A. The seedlings were grown for 3 days 
before treatment with PEG to give a 
water potential of - 0.5 (b) or - 1 .7 (c) 
M Pa. After 24 h of treatment the seed
lings were washed and left in water for a 
week. 
B .  The experiment represented in this 
panel was similar to the one shown in A 
with the difference that light was present. 
PEG concentrations were - 0.5 (b) or -

1 .7 (c) M Pa. In both A and B the lower 
case letter 'a' indicates the respective 
control. 
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final arrest of growth and age of the seedlings used for the 
experiments . In fact, younger seedlings seemed to be 
more sensitive to water stress, and seedlings grown nor
mally for three days definitively arrested their growth 
when treated with a solution with an osmoticum concen
tration of - 1 .  7 MP a. These seedlings were not able to 
resume growth even when transferred to water after 24 h 
of treatment (Fig. 2). 

The tolerance to dehydration shown by the roots of 5-
day-old pea seedlings even after treatment with the high
est osmoticum concentration, rose the question whether 
the osmoticum induced the synthesis of specific proteins 
during the treatments similarly to what takes place during 
desiccation of leaves in poikilohydric angiosperms (Bopp 
& Werner 1993). Thus, we decided to stress the seedlings 
for 24 h in - 1 .7 M Pa of PEG. The rate of water loss 
might be an important factor in determining the response 
of a plant to desiccation or the extent of plant survival 
(Reynolds & Bewley 1993). For this reason we decided 
to start the treatments by putting 5-day-old seedlings in a 
solution where the initial osmoticum concentration was -
0. 1 MPa and to increase this concentration every 24 h by 
repeating the addition of osmoticum to achieve concen
trations of - 0.5, - 0.75, - 1 .0, - 1 .30, - 1 .70 MPa 
respectively. At the end of this experiment the root tips (0 
- 2 mm) were collected with a scalpel, washed and used 
for protein preparations (see Material and Methods) .  The 
same extraction was repeated with root tips from control 
plants which had not received any osmoticum treatment. 

Acta Phytogeogr. Suec. 81 



104 Effects of water stress on the roots of pea seedlings 

+ +  

+ +  

m�w. 
.oii� 1 1 5 
�' ,92 · 

� & �'  

Fig. 3 .  Gel electrophoresis of proteins extracted from root 
meristems of pea seedlings stressed by PEG. The arrows point to 
proteins which showed quantitative variations during water 
depletion. ++ indicates proteins which were not present at all in 
the control; + indicates proteins whose content increases during 
the treatments, whereas - indicates proteins whose content 
decreases during the treatments. On the left side there are the 
molecular weight standard (m. w.) .  Or. and fr. = origin and front 
of the electrophoretic track. 

When the crude homogenate fraction containing all 
the proteins present in the meristematic root tips was 

electrophoresed on SDS gel, we noticed specific differ

ences in the protein pattern between the control and the 
sample treated with osmoticum. Fig. 3 shows the proteins 
which were synthesised ( ++) or disappeared (-) during 

the stress treatments. However, the number of proteins 

whose content changed during the treatments was consid
erable (Fig. 3) and it would be higher if we took into 
account that there might be proteins whose quantitative 

changes are difficult to detect using Coomassie staining. 
Alternatively, we divided the crude homogenate into three 

different protein fractions (see Material and Methods): 

nuclear, plasma membranes, and soluble fractions. Every 
fraction was compared with its own control and the quan
titative differences in proteins were examined. A consid

erable number of proteins whose content increased during 
the stress seemed to be present in the plasma membranes 
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fraction, whereas a smaller number of proteins were ob

served in the nuclear and soluble fraction whose content 

decreased during the stress treatments. However, it was 
impossible to establish the relationship between the pro
teins present in each fraction and those present in the 

crude homogenate fraction simply by using electrophoretic 
mobility. 

In blotting experiments with crude homogenate frac

tion proteins, we have tested the binding properties of a 
polyclonal antibody raised against a nuclear antigen present 
in pea root nuclei (QP47) .  In these experiments, two 

proteins with apparent molecular weights of 4 7 and 93 
kDa were recognised by this antibody. These proteins 

were only present in the sample treated with osmoticum. 

Discussion 

The highest value of osmoticum concentration used in our 

experiments produces an osmotic environment close to 
that experienced by the embryo in the developing seed 
during desiccation (Rodriguez-Sotres & Black 1994). 

Therefore, under our experimental conditions the pea 

seedling roots may suffer due to a considerable water loss.  
The water loss would explain the reduction in the diam

eter observed in the roots during the stress. The toxic 

effect of PEG seems to be reasonably excluded since 
growth resumes in seedlings even after a long period of 

stress. The definitive arrest of growth in excessively young 

seedlings in the presence of light might be due to the fact 
that precocious treatment prevents all the physiological 

events which take place during the first hours of germina
tion from being completed. Interpreting the effect of light 
on the extent of inhibitory action of osmoticum is even 
more difficult. 

Our data show that the effects of water depletion are 

only visible in the roots and, in particular, in the meris

tematic or not completely differentiated region. The shoots 

do not show clear signs of wilting. However, during the 
stress, the meristematic region of the roots remains viable 

and can resume its normal proliferative activity which 
suggests that a tolerance to dehydration has been devel

oped. The results of electrophoretic investigations on 

proteins, suggest that a relationship might exist between 
the water depletion in root meristems and the changes in 

quantity of a number of cytoplasmatic proteins. It would 
be interesting to know the purity of our putative plasma 

membrane fraction in order to establish the location of 

these proteins. At present, the identities of these proteins 

remain unknown, therefore it is difficult to speculate on 
the functional significance (if any) of the quantitative 
changes observed during water stress. To this regard, it 

has been suggested that the changes in the plasma mem
brane properties observed during desiccation in embryo 



cells during seed maturation might contribute to the ac

quisition of desiccation tolerance (Leopold & Vertucci 

1986; Zwiazek & Blake 1990; Ristic & Cass 1993). 

Moreover, one of the hypothetical functions assigned to 
the proteins related to desiccation tolerance in poikilohydric 
plants seems to be a stabilising effect on the membrane 

structure during water loss (reviewed in Bray 1993). 

It has been hypothesised that the acquisition of desic

cation tolerance in seeds might be a complex process in 
which different interacting factors are involved (Ooms et 
al. 1994). Similarly, it is probable that the change in 
plasma membrane properties is only one of the factors 

responsible for the tolerance to dehydration observed in 
pea seedling root meristems. The fact that the meristematic 

tissue does not loose its proliferative activity suggests that 
the nuclei are not damaged during water depletion. We 
previously investigated the nuclei of embryo meristems 

during seed maturation and seed germination suggesting 

that a protein called QP4 7 might increase its content in the 

nucleus with a protective function on chromatin during 
dehydration (Chiatante & Onelli 1993 ; Chiatante 1995). 

To this regard, the demonstration, presented in this paper, 
that the QP47 antibody recognises a protein with molecu
lar weight of 4 7 kDa in the crude extract obtained from 
root meristems of seedlings grown under water stress 
conditions takes on particular relevance. It is probable 

that the protein recognised by the antibody coincides with 

QP47; this hypothesis is reinforced by the fact that QP47 
is normally absent (or present at a very low level) in the 

nuclei of root meristems after 3 days of germination 
(Chiatante & Onelli 1993). Similarly, the protein recog

nised by the antibody was not found in the root meristems 

of control seedlings grown for 9 days. According to this 

hypothesis, QP47 would have only been synthesised in 
root meristems in the case of seedlings subjected to water 
depletion. The nature of the protein with higher molecular 

weight is unknown. The recent demonstration of nucleo

plasm location of QP47 in the nuclei of dry seed root 

meristems (Chiatante et al. in press) is still insufficient to 
explain the role of this protein. 

In conclusion, we are far from reaching a clear under
standing of how a plant can tolerate water stress. The 

present paper suggests that pea seedlings can tolerate a 

certain condition of water depletion in the roots. In par

ticular, the tolerance of root meristems to water stress has 
been demonstrated although the mechanisms involved in 
development of this resistance are still not known. In 

studies regarding water stress, the tolerance of root 

meristems cannot be overlooked due to the role that these 

tissues play in resuming growth at the end of the stress. 

Results of investigations regarding the resistance of 
meristematic tissue to water depletion could find applica

tion during the preparation of artificial seeds and in ge

netic improvements aimed at increasing the productivity 

of crop plants. 
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Uptake and mobility of lead in Urtica dioica L. 

Ferenc Fodor1, Edit Cseh 1,  Diep Dao Thi Phuong2 & Gy Zdray2 

Abstract 

Fodor, F., Cseh, E. ,  Dao Thi Phuong, D. & Zaray, G. 1 996. Uptake and mobility of lead in Urtica 
dioica L. - Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 91-72 10-08 1-8.  

Lead uptake, translocation and mobility were investigated in Urtica dioica L. (stinging nettle ) .  
The root of  stinging nettle absorbed 0 .5  mg Pb/root from nutrient solution containing 0.01 mM 

Pb. Ph-concentration in the shoot was as follows: intemodes > petioles > leaves decreasing 
towards the shoot tip. After removing the roots of Pb-treated plants and transferring the shoots to 
a Pb-free nutrient solution we found that Pb had not been transported back to the newly 
developing root but to the leaves in very small amounts. It was concluded that Pb was adsorbed 
on the walls of the xylem and its movement was controlled by transpiration. 

Keywords: Apoplast; Pb-mobility; Pb-uptake; Urtica dioica. 

1 Department of Plant Physiology, Eotvos University, P. O.Box 330, H-1445 Budapest, Hungary; 
2Department of Inorganic and Analytical Chemistry, Eotvos University, Pdzmdny Peter Setdny 
2, H-1 1 1 7  Budapest, Hungary. 

Introduction 

Lead has become one of the principal environmental 
pollutants since the rapid development of industry and 

increase in public transportation. The concentrations of 

Pb in cities and along frequently used roads is high. Pb is 

deposited into the earth via dust from the air which is 
washed into the uppermost layer of the soil . Therefore, 

plants not only absorb Ph from leaf surfaces but they can 
take up Ph through their roots and may even accumulate it 
(Punz & Sieghardt 1993; Sims & Kline 1991 ) .  

Urtica dioica has long been known as  a medicinal 

plant. Its extract is commonly used in alternative agricul
ture and horticulture as fertilizer (Peterson & Jensen 1989). 
Since nettles are frequently found along roadsides it is 

important to know whether they take up Ph or not. The 

only reliable way to distinguish between the amounts 
absorbed on the leaf surfaces and the amounts taken up 

through the roots is to raise plants under laboratory condi
tions preventing contamination from the air. This can be 

achieved by cultivating Urtica dioica hydroponically 

(Fodor & Cseh 1993). 
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The aim of this work was to investigate the absorption 

of Pb on root surfaces, its transport to the shoot and its 
mobility. 

Material and Methods 

Plant material 

Urtica dioica L. (stinging nettle) plants were cultivated 

vegetatively in a modified Hoagland solution of 114 
strength (Fodor & Cseh 1993). Culture solutions were 

replaced 3 times a week and the pH was determined for 

each cup. The plants were illuminated with 75 W m-2 light 
intensity and exposed to a 1 2  hour photoperiod. The 
temperature was 22/26°C night/day. 

At the end of the experiments fresh and dry weight 

(after 80°C drying) of plant tissues (root, each internode, 
petiole and leaf, respectively) were determined. 



Lead content measurements 

Pb was supplied to plants at 0.01 mM concentration. The 

concentration of Pb was measured by Graphite Furnace 
Atomic Absorption Spectrometry (GF-AAS) (Dao Thi 

Phu Ong et al. 1 994). Samples were measured in dupli

cates. 

Mobility experiments 

Nettle plants cultured on control solution were transferred 

to 0.01 mM Ph-containing solution for 6 days. After 

removing the roots and the two lowest leaf pairs, the 
decapitated plants were again transferred to a Ph-free 

culture solution for two weeks during which time a new 

root system and leaves grew. Ph-content of the newly 
developing and original plants were measured. 

Results 

Dry weight of nettle roots grown in a nutrient solution 

containing 0.01 mM Pb was 57 mg/plant while the ones 
without Pb was 60 mg/plant. The growth of the roots and 
leaves were slightly inhibited by this concentration of Pb. 

Dry weight of petioles and internodes were almost the 
same in Pb-treated and control plants. Nettles absorbed a 

large amount of Pb from the nutrient solution through the 

roots. However, only a small portion of this was trans

ported up to the shoot. The concentration of lead up

wardly decreased in every single plant. That is, the lowest 
parts of the stem contained the highest amounts. Intern odes 
contained the most lead, and petioles contained less. It is 
remarkable that leaf segments had Pb concentrations at 

almost the same order of magnitude as control leaves and 
internodes (Fig. 1 ) . 

In the mobility experiments control plants contained 
so little Pb that redistribution could hardly be detected. In 
the 0.0 1 mM Pb-treated plants during the growth of the 

new root system (in lead-free nutrient solution) Pb was 

transported to the old and young (new) leaves from the 
stem. The downward Ph-transport was not significant. 

That is, the new root contained almost the same amount of 
Pb as the control (Table 1 ) . 

The total Pb content of the plants was approximately 
the same at the time of removal of the roots and after the 

development of the new roots when shoot growth recom
menced (Table 1 ) .  

Discussion 

These findings suggest that, although Pb is absorbed in 
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Fig 1 .  Dry weight and Pb concentration o f  the leaf segments, 
petioles and intemodes of Urtica dioica plants cultured in Ph
free ( ---) and 0.01 mM Ph-containing (-) culture solution. 
Leaves are numbered acropetally.(+ = leaf, • = petiole, x = 

internode). 

high amounts through the root of stinging nettle its trans

portation to the shoot is limited. In principle, for trans
location, solutes should enter the symplast to pass the 

endodermis toward the xylem. In the leaves they should 

also enter the symplast of the mesophyll cells in order to 
be utilized or make an effect. 

Urtica leaves contain very little Pb compared to the 

Table 1. Distribution and remobilization ofPb between the parts 
of Urtica dioica plants. Ph-content of parts removed at decapita
tion are not involved here except *. (f.lg Pb plant parr- 1 .) 

Plant part Original plants Re-rooted plants 

Control Ph-treated Control Ph-treated 

New leaves 0.09 0.27 
Leaves 0.84 1 .29 0.80 2.83 
Stem 0. 19 9.69 0. 17 7.69 
Root 1 . 19* 458.30* 0. 15  0. 17 

Total 1 .03 1 0.98 1 .2 1  10.96 
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petioles and stem. Moreover, Pb concentration gradually 

decreases toward the leaves suggesting that this heavy 

metal mostly remains in the xylem wall. 

The same problem was found investigating the demo

bilisation of Pb by removing the roots of plants. The Ph

treated plants are able to develop new root systems in Pb

free nutrient solution. This process requires active mobili

sation of solutes and stored materials but Pb is hardly 

affected in the downward transportation. In contrast, Pb 

moves upwards after the re-start of shoot growth to the 

new leaves in minuscule amounts. Since Pb is not essen
tial for plants (rather toxic) we concluded that its upward 

movement in stinging nettle is driven by transpiration 

with bulk flow and not controlled by metabolic demand. 

There is probably no active way for Pb to get into the 

symplast in the leaves (it possibly remains in the small 

veins). So, how does it pass through the endodermis and 

then enter the xylem in the root? This question will be the 

focus of our future experiments. 
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Use of minirhizotrons to study wheat rooting 

lames E. Box, Jr. 

Abstract 

Box, J.E. Jr. 1996. Use of minirhizotrons to study wheat rooting. - Acta Phytogeogr. Suec. 8 1 ,  
Uppsala. ISBN 9 1 -7210-08 1 -8.  

Root measurement technique that is non-destructive, quick, efficient, and quantifies root 
dynamics is critical to understanding environmental effects on rooting. Roots of three cultivars 
of soft red winter wheat (Triticum aestivum L.) observed in minirhizotrons (MR) were compared 
to those washed from soil cores. 

Minirhizotron root count (ea counts cm-2) and root length (La cm cm-2) per unit area, and soil 
core root length density (Lv cm cm-3) and root dry weight (W v mg cm-3) per unit volume were 
detennined. Growth stages studied were double ridge, early boot, milk, and soft dough. Analysis 
of variance showed that growth stage and soil depth were significant for Lv, Wv, ea, and La. 
Linear regression of Lv, W v' or La as a function of ea provided highly significant slope except for 
W v' intercept values. Statistically, ea was the most discriminating MR measurement parameter. 

Keywords: Root; Minirhizotron; Triticum aestivum; Wheat. 

USDA-ARS, P. 0. Box 555, Watkinsville, GA 30677, USA. 

Introduction 

Root system development is influenced by shoot and root 

environments genetics.  Many destructive techniques are 

available for measuring root response to environment and 

genetics (Upchurch & Taylor 1 990), but these are usually 

laborious and often not suited to evaluate root dynamics. 

Observation tubes, using simple mirrors and a light source 

to study root growth, have given reasonable correlations 

between lengths of roots washed from soil cores and in 

situ measurements of root length (Gregory 1 979; Bragg et 
al. 1 983). 

Non-destructive measurements of root growth are more 

efficient with the minirhizotron (MR) technique that uses 

a miniature video camera (Upchurch & Ritchie 1 984) . 
Correlations (r) for wheat of 0.93 for La and 0.95 for Ca 
with Lv determined from soil cores are reported for their 
video camera system by Belford & Henderson ( 1 985).  

Box & Johnson ( 1987) have demonstrated temporal 

variations in MR Ca that are associated with plant 

phenological development, soil depth, and soil aeration. 
Cheng et al. ( 1 990, 1 99 1 )  showed that grain sorghum root 

production and turnover can be studied in situ by combin
ing the MR technique with soil coring and hand tracing of 

MR video tapes. Box & Ramseur ( 1993) presented data 
on temporal, soil depth, or cultivar variations. This study 

describes for three soft red winter wheat cultivars rela

tionships of MR ea and La with soil core LV and w v· 

Material and Methods 

Three cultivars of soft red winter wheat were grown on a 
Cecil sandy loam (clayey, kaolinitic, thermic Typic 

Kanhapludult) located in the Georgia Piedmont, USA. 
Conventional cultural practices were used. Root data 
from MR and soil cores were compared statistically. The 

study' s  field phase was performed during the 1 987- 1988 
cropping season. Treatment plots for each cultivar were 

0.25 m wide and 3 .03 m long. Soil tillage following 

summer fallow occurred 1 through 6 Oct. 1 987 and in
cluded chiselling to 0.20 m and disking followed by drag 

harrowing. 

Eight MR were installed as previously described (Box 
et al. 1 989) in each treatment. Minirhizotrons were in

stalled 30 degrees from the vertical in drill rows. Two MR 

were installed in each of four drill rows of each treatment. 
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Table 1 .  Analysis of variance for soil core root length and dry weight per unit volume and minirhizotron root count and length per unit 
area. Main symbols Lv = root length per unit volume, cm cm-3, La = root length per unit area, cm cm-2, Wv = root dry weight per unit 
volume, mg cm-3, Ca = root count per unit area, counts cm-2, and MR = minirhizotron. 

d.f Lvcm cm3 Wv, mg cm-3 ea count cm2 La, cm cm-2 

mean squares 

Replication (R)1 2 0.5659 0.0086 
Cultivar (C)1 2 0.5656 0.0105 

R x C 2  4 0. 1 1 26 0.0062 
Soil depth (D)2 4 48.9955 • • •  2 . 1828 *** 

C x D 2  8 0.21 25 0.0095 
R x C x D 3  24 0.2967 0.0071 

Growth stage (S)3 3 5 . 1 95 1  *** 0.0560 * 
C X S 3 6 0.0605 0.0064 

D x S 3  12 1 .2 1 1 0  *** 0.0443 
C x D x S 3  24 0.0788 0.0026 

Error Ill 90 0.2447 0.0165 

= Significant at the 0.05 probability level; 
= Significant at the 0.001 probability level. 
= Error I = R x C 
= Error 11 = R X C X D 
= Error Ill 

Two soil cores were taken on each sampling date from 
each treatment plot. A soil core was randomly taken from 
each of two of the four rows containing MR. Soil cores 
were placed in sealed polyethylene bags and stored at 
5°C. Roots were prepared by washing them from soil 
cores with a hydropneumatic elutriator (Smucker et al . 
1 982) and staining, to enhance the imaging process, with 
a methyl violet solution ( 1 0-7 kg L -1 in 1 %  ethyl alcohol) . 
Root lengths were determined with video imaging process
ing equipment (Delta-T Devices area meter, Burwell, 
Cambridge, England) as reported by Harris & Campbell 
( 1989). 

Three soft red winter wheat cultivars, 'Florida 302' , 
'Hunter' , and 'Stacy' were considered the treatments. 

0.221 4  0. 1072 
0. 1 440 0.01 85 

0.0787 0. 1 305 
4.0899 *** 5 .5200 ***  

0.0569 0.01 08 
0.0308 *** 0.0597 *** 

0.0235 *** 0. 1 5 8 1  *** 
0.03 12 *** 0.01 2 1  

0.05 16 *** 0.038 1 *** 
0.0058 0.005 1 

0.0040 0.01 03 

Root count and La from each 0. 15-m depth increment of 
the eight MR in a treatment plot were each averaged. Root 
data from the two soil cores were averaged for each depth 
of each treatment plot. The soil core data included Lv and 
Wv. For this report, because of high C.V. ' s, data below 
0.75 m were not used. Data sets were tested across dates 
and depths before analysis of variance and were found to 
have homogeneous variance. There were four sampling 
dates based on plant phenological development (double 
ridge, early boot, milk, and soft dough; Zadoks et al . 
1974). An analysis of variance (Anon. 1985) was per
formed to evaluate the effects of cultivar, plant growth 
stage, and soil depth on the dependent variables Lv, W v' 
Ca, and La. 

Table 2. Analysis of variance of root count per unit area at double ridge, early boot, milk, and soft dough growth stages. 

Source d.f Double ridge 

Replication (R) 2 0.0820 ** 

Cultivar (C) 2 0.001 1 
R x C  4 0.0246 

Soil depth 4 0.7305 *** 
C x D  8 0.01 1 4  

= Significant at the 0.05 probability level; 
** = Significant at the 0.01 probability level; 

= Significant at the 0.001 probability level. 
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Early boot 

mean squares 

0.0420 

0.0306 * 
0.01 1 8  

1 .2335 *** 
0.0 1 84 * 

Milk 

0.0573 • 

0. 1 808 *** 
0.0264 

1 .5584 *** 
0.0292 * 

Soft dough 

0.0505 * 

0.0252 
0.0235 

0.7223 *** 
0.0 1 5 1  
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Fig. 1 .  Length per unit volume, Lv, (A); W v' (B) ;and La, (C) 
as a function of Ca. Standard errors for the intercept and slope 
are 0.09 and 0. 1 9  for Lv ; 0.02 and 0.04 for W v; and 0.02 and 
0.05 for La. 
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Results and Discussion 

Rooting of three wheat cultivars sampled at four 
phenological stages of plant development and five soil 
depths was studied with MR and soil cores. It was not 
determined if roots observed with MR were living, dead, 
active, or inactive. When apparent root death was ob
served on the MR surface, i.e., dark brown or black 
coloured roots, roots decayed and totally disappeared 
within three to five days. The number of statistically 
significant differences detected with analysis of variance 
were in the order of ea > La > LV > wv (Table 1 ) .  

All measurements detected significant differences in 
soil depth and growth stage. Only ea measurements de
tected a significant growth stage by cultivar interaction. 
eultivar differences of ea were significant for early boot 
and highly significant for milk growth stages (Table 2). 
Linear regression for ea as a function of LV, w V' or La 
provides intercepts (a) that are all highly significant, 
except for W v and slope values (b) that are all highly 
significant. These expressions have r' s of 0.83 for La, and 
0.69 for W v' and 0.72 for Lv (Fig. 1 ) .  Minirhizotron and 
soil core data across cultivars, dates, and soil depths have 
Pearson correlation coefficients (r) for La and W v of 0. 76, 
La and Lv of 0.79, and Wv and Lv of 0.94 . 

Conclusion 

For this study ea is the most discriminating measurement 
of wheat roots and ea can be related to W v• Lv, and La with 
linear regression. The least time consuming measurement 
is ea. The least sensitive measure was Wv. We assume 
that the prediction estimates must be calibrated for each 
soil, climate, crop (in some cases each cultivar), and MR 
installation technique. 

References 

Anon. 1 985. SAS User' s Guide: Statistics. - 5th ed. SAS Insti
tute Inc. Carey, NC. 

Box, J.E., Smucker, A.J.M. & Ritchie, J .T. 1 989. Minirhizotron 
installation techniques for investigating root responses to 
drought and oxygen stresses. - Soil Sci. Soc. of Am. J. 53:  
1 1 5- 1 1 8 .  

Box, J .E.  & Johnson, J .W. 1 987. Minirhizotron rooting com
parisons of three wheat cultivars. - In: Taylor, H.M. (ed.) 
Minirhizotron observation tubes: Methods and applications 
for measuring rhizosphere dynamics. Spec. Pub. 50. pp. 
1 23- 1 30. American Society of Agronomy, Madison, WI. 

Box, J .E. & Ramseur, E.L. 1 993. Minirhizotron wheat root data: 
Comparisons to soil core root data. - Agron. J. 85: 1 058-
1 060. 

Acta Phytogeogr. Suec. 81 



1 1 2 Use ofminirhizotrons to study wheat rooting 

Belford, R.K. & Henderson, F.K.G. 1985 .  Measurement of root 
growth using a TV system. - In: Day, W. & Atkin, R.K. 
(eds. )  Wheat growth and modeling, pp. 99- 106. Plenum 
Press. New York and London. 

Bragg, P.L. , Govi, G. & Cannell, R.Q. 1983 .  A comparison of 
methods, including angled and vertical minirhizotrons, for 
studying root growth and distribution in a spring oat crop. -
Plant and Soil 73 :  435-440. 

Cheng, W., Coleman, D.C. & Box, J.E., Jr. 1 990. Root dynam
ics, production and distribution in agroecosystems on the 
Georgia Piedmont using minirhizotrons. - J. Appl. Ecol. 27: 
592-604 

Cheng, E. ,  Coleman, D.C.  & Box, J.E. 1 99 1 .  Measuring root 
turnover using the minirhizotron technique. - Ecosystems 
and Environ. 34: 26 1 -267. 

Gregory, P.J. 1 979. A periscope method for observing root 
growth and distribution in field soil. - J. Exp. Bot. 30: 205-
2 14. 

Harris, G .A. & Camp bell, G .S. 1 989. Automated quantification of 
roots using a simple image analyser. - Agron. J. 8 1 :  935-938 .  

McClave, J .T .  & Dietrich, F .H.  II .  1 982. Statistics. - 2nd ed. 
Dellen Pub!. Co., San Francisco and Santa Clara, CA. 

Smucker, A.J.M. ,  McBumey, S .L. & Srivastava, K.A. 1 982. 

Acta Phytogeogr. Suec. 81 

Quantitative separation of roots from compacted soil pro
files by the hydropneumatic elutriation system. - Agron. J. 
74: 500-503 . 

Upchurch, D.R. 1985.  Relationship between observations in 
minirhizotrons and true root length density. - Ph.D. Diss. 
Texas -Tech. Univ. ,  Lubbock (Diss .  Abstr. 85-28594). 

Upchurch, D.R. 1 987. Conversion of minirhizotron-root inter
sections to root length density. - In: Taylor, H.M. (ed.) 
Minirhizotron observation tubes : Methods and applications 
for measuring rhizosphere dynamics. Spec. Pub. 50, pp. 5 1 -
66. American Society of Agronomy, Madison, WI. 

Upchurch, D.R. & Rotchie, J.T. 1983 .  Root observations using a 
video recording system in mini-rhizotrons .  - Agron. J. 75 :  
1 009- 1 0 1 5 .  

Upchurch, D.R. & Richie, J.R. 1 984. Battery-operated colour 
video camera for root observations in mini-rhizotrons. -
Agron. J. 76: 1015- 1017 .  

Upchurch, D .R .  & Taylor, H .M.  1 990. Tools for studying 
rhizosphere dynamics . - In: Box, J.E., Jr. & Harnmond, L.C. 
(eds. )  Rhizosphere Dynamics, pp. 83- 1 15 .  Westview Press. 
Boulder, CO. 

Zadoks, J.C., Chang, T.T. & Konzak, C.F. 1974. A decimal code 
for growth stages of cereals. - Weed Res. 14 :  4 1 5-42 1 .  



Release of cation binding compounds from maize roots 

under osmotic shock 

Nelly A. Kuzembaeva & Batyrbek A. Sarsenbaev 

Abstract 
Kuzembaeva, N .A. & Sarsenbaev, B .A. 1996. Release of cation binding compounds from maize 
roots under osmotic shock. - Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 9 1 -7210-08 1 -8.  

Six-day-old seedlings of maize (Zea mays L.) were placed for 24 hours in a solution which 
contained one of the following radioactive isotopes :  65Zn, 54Mn, 60Co, 1 34Cs. Initial concentra
tion of each element was 10 mg ml-1 .  Specific radioactivity of the nutrient solutions was 50 Bq 
ml-1 . At first, the roots of intact plants were osmotically treated with 2 M sucrose ( I  min.) and 
then - with 0.5 mM CaS0

4 
(4 min.) .  Compounds, released from the roots as a result of osmotic 

shock, were chromatographed in Sephadex G-75 .  Radioactive labels were bound by high and 
low-molecular compounds in maize roots, which were released by osmotic shock. The physi
ological role of binding of cations by different organic compounds in the peripheral zone of root 
cells was discussed. 

Keywords: Cation binding compound; Maize root; Osmotic shock. 

Institute of Plant Physiology, Genetics and Bioengineering, The National Centre of Biotechnology, 

Timiryaseva 45, 480070 Alma-Ata, Republic of Kazakhstan. 

Introduction 

Before entering into the plant cell, nutrients and phytotoxic 
substances must overcome the cell wall, free space and 
plasmalemma. Evidently, there are physiological mecha
nisms in the compartments which regulate the penetration 
of ions and molecules from outside into the cell. How
ever, the investigation of biochemical systems taking part 
in binding and transporting of ions into plant cells causes 
methodological difficulties. Therefore, experiments are 
carried out on bacterial cells. Thus, Pardee ( 1 968) isolated 
sulphate-binding protein permease from the plasmalemma 
of Salmonella cells with the help of osmotic shock (OS) .  
Other authors used this method in order to study the 
membrane functions in plants (Amar & Reinhold 1 973 ; 
Grunvaldt et al. 1 978) .  Lowry-positive compounds were 
released from different plant tissues as a result of these 
procedures (Schkarenkova et al . 1 978 ;  Sarsenbaev et al . 
1 983) . 1t has been proposed that some of these compounds 
participate in transport systems in periplasm. 

In this paper we report results of studies of Lowry
positive compounds obtained from maize roots by os-

motic shock which take part in binding and transport of 
some cations.  

Material and Methods 

Seedlings of maize were grown in 0.5 mM solution of 
CaS04 under controlled conditions. The 6-day-old seed
lings were transferred for 24 hours to a similar solution, 
containing one of following radioactive isotopes: 65Zn, 
5
4
Mn, 6oc0, l 3

4
Cs. 

Roots of intact seedlings were rinsed carefully in 0.5 
mM CaS04 and then osmotically treated in 2 M sucrose 
(hypertonic solution) for 1 min and then in 0.5 mM CaSO 4 
for 4 min (hypotonic solution), this hypotonic solution 
was lyophilised. The osmotic shock material (OSM) was 
dissolved in 0.5 mM Tris-HCl, pH 7.4 and was chromo
tographed on Sephadex G-75 (eluent - 0.5 mM Tris-HCl 
+ 0. 1 mM KCl, pH 7 .4). The fractions of organic sub
stances thus obtained, were investigated by TLC on silufol 
plates using a combination of solvents: n-butanol : acetic 
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1 14 Release of cation binding compounds from maize roots under osmotic shock 

Table 1 .  Release of organic compounds from maize roots by OS. 

Phase 1 of OS 
(hypertonic solution) 

0.90 1 .95 

Phase 2 of OS 
(hypotonic solution) 

0.95 2.00 

Results and Discussion 

Compounds which were released form maize roots by OS 
were registered at 280 and 220 nm (Table 1 ) . Hypertonic 
and hypotonic solutions demonstrated a strong absorption 
at 220 nm. This fact showed that peptides and proteins 
were present in the investigated material. 

Some authors corroborated the presence of organic 
substances, such as amino-acids, phenolic compounds, 
peptides and proteins in OSM (Schkarenkova et al. 1 978;  

Kuzembaeva et  al. 1 989). Components which had bound 
radioactive labels were found in hypertonic solutions as 
well as in hypotonic solutions (Table 2). 

Cs+ was absorbed by roots more strongly than the 
other elements. Cs+ is known to be an analogue of K+ in 
uptake. K+ is one of the main elements of plant nutrition. 
On the contrary, contents of Zn2+ in the hypertonic and 
hypotonic solutions were very low - 0.06% and 0.22% 

from the initial level, respectively. The same estimates for 
Mn2+ were 1 .59% and 2.38.  Compared with Zn2+ and 
Mn2+, Co2+ is more phytotoxic. Probably, therefore, the 
main portion of Co2+ remained in the nutrient solution 

Table 2. Content of radioactive isotopes (% of initial content in 

(86.4%) and was not absorbed by roots other than to a 
small extent. 

Thus, to allow for the distribution of radioactive labels 
in hypertonic and hypotonic solutions we supposed that 
mechanisms of absorption for zinc, manganese, cobalt 
and caesium by plant roots are not identical. 

Evidently, release of organic compounds from the 
roots took place as a result of OS (Fig. 1 ) .  These com
pounds intensively absorbed at 280 and 220 nm. Proteins 
and phenolic substances were detected in different frac
tions of OSM (Kuzembaeva et al. 1989). These compo
nents, evidently, originated from peripheral compartments, 
which was corroborated by results obtained by other 
authors (Rubinstein et al. 1977;  Schkarenkova et al. 1978).  

After gel-filtration of OSM on Sephadex G-75 the differ
ent fractions obtained from organic substances were ra
dioactive labels (Fig. 2). 'Peak' 1 contained compounds 
of high molecular weight, 'peak' 2 contained material of 
low molecular weight. Peptides and phenolic compounds 
were found in fractions of 'Peak' 2. Radioactive isotopes 
65zn, 54Mn, 6°Co were detected in 'peak' 1 as well as in 
'peak' 2. 

However, only a very small degree of radioactivity 
( 1 .5% of 54Mn, 1 .2% of 6°Co, 9.4% of 65Zn) was associ
ated with the high molecular weight components. Mainly, 

-1 Bq .ml  

90 

70 

. ...(.-

nutrient solution) in solutions obtained after osmotic shock of 1 0 
maize roots. 

Isotope Hypertonic 
solution 

65zn 0.06 

54Mn 1 .59 

60Co 0.36 

134Cs 1 .21 
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Hypotonic Residue in 
solution nutrient solution 

0.22 64.90 

2.38 63 .50 

0.69 86.40 

14.90 1 5 .50 

1 0  20 30 
Fraction number 

Fig. 1 . Typical elution profile for OSM separated on Sephadex 
G-75.  Eluent 5 ml Tris-HCI + 1 M KCl, pH 7.4. The void volume 
(V 0) was 63 ml. 



-1 Bq . ml 

90 

70 

• .-£-

1 0  

1 0  20 30 
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Fig. 2. Distribution of radioactive labels (65zn, 60Co, 54Mn) 
among fractions of organic substances obtained by Sephadex G-
75 chromatography. 65zn = - ; 60Co = • - e; 54Mn = �- � .  

radioactivity was found in the fraction which contained 
components of low molecular weight. The content of 
65Zn, which was associated with 'peak' 1 exceeded the 
content of 54Mn and 6°Co by 6.2 and 8 .5 times, respec
tively. 

Cobalt, compared with zinc and manganese, is most 
toxic for plants. Probably, in connection with this fact, 
very small amounts of Co2+ were bound by proteins in our 
experiments. We supposed that these proteins (peptides) 
were concerned with transport of nutrients from the pe
ripheral zone into cells across the plasmalemma. Release 
of these proteins and peptides from the roots took place 
during osmotic treatment. These compounds can prob
ably be participants of the chain of carriers in trans
membrane transport of ion in plants (Luttge & Higinbotham 
1984 ). According to some authors, occurrence of phe
nolic compounds detected in 'peak' 2 could be the most 
important factor in the detoxification process of excessive 
amounts of these metals (Rudakova et al. 1 987). 

Another distribution of radioactive labels, between 
high and low molecular components which were released 
from roots by OS in our experiments, was observed for 
monovalent cations of cesium. Caesium is known as an 
analogue for potassium. 134Cs was not detected in frac
tions of high molecular weight components. Cs+ cations 
were bound by low molecular components only. 

In accordance with the obtained results, we concluded 

N.A. Kuzembaeva & B.A. Sarsenbaev 1 15 

that different microelements were transported into plant 
cells by means of different biochemical mechanisms. 
Caesium is probably absorbed by roots without carriers. 
Plants cannot distinguish toxic caesium from the analo
gous potassium. According to some experiments in which 
potassium was used as a stable isotope instead of caesium, 
intensive absorption of Cs+, as well as K +, was observed. 
During 24 hours almost all Cs+ from the nutrient solution 
was absorbed by the plants. This experiment resulted in 
the poisoning and death of the seedlings. 

Certain proteins can probably take part in the binding 
and transport of ions across the plasmalemma (Luttge & 
Higinbotham 1 984). However, most aspects of biochem
istry of ion transport in plants are unknown, and their 
investigation needs new methods. The use of OS is, in our 
view, a promising method to detect and to isolate specific 
transport peptides and proteins from plant subjects. 
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Morphological investigations of maize 

(Zea mays L.)  root systems 

Elena M. Shubenko 

Abstract 

Shubenko, E.M. 1996. Morphological investigations of maize (Zea mays L.) root systems. -

Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 91-7210-08 1-8 .  

The root system of a hybrid maize (Juzhny-3TV) was studied from formation oftwo leaves to the 
milky ripeness of grain. Six different age types of roots were determined and differentiated by 
their place of origin. It was revealed that roots of the same development stage were spread in 
different soil volumes with an unequal source of water. This promotes an excretion of root 
exudate by different root types. 

Keywords: Embryonic root; Nodal root; Root axes; Root exudate; Tap root; Zea mays. 
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Introduction 

The object of the study was to analyse the morphological 
structure and the functional activity of the maize root 
system during its development. The root system of maize 
from a structural viewpoint is complicated and consists of 
different root types .  The development in different age 
structures of those roots does not depend on their place of 
origin. Roots are formed at different stages of ontogenesis 
and have unequal degrees of absorption ability for water 
and mineral substances. 

Material and Methods 

A hybrid of maize (Zea mays L., var. Juzhny-3TV; the 
Kazakh Scientific Research Institute of Agriculture) was 
used for the investigation. The morphological structure of 
the root systems was followed using a trench method 
(Modestov 1932). The functional activity of the root 
system was investigated by methods developed by Sabinin 
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( 1 928) and Volynkin ( 1 96 1 ) .  Exudates were collected 
from the embryonic roots (the tap root and branches), and 
from the cymose node and from the I, II, Ill and IV nodal 
axes roots. 

In order to obtain the exudate from roots, the tillering 
node was cleaned carefully, · the roots were released at 
their base, identified and cut at the tillering node. The 
basal part of each root was carefully wiped and a rubber 
receiver with an absorber was attached to each of them. 

Results and Discussion 

The formation of root system by the investigated hybrid 
maize (Juzhny-3TV) takes place very rapidly. On the 
fourth day after germination, at the second leaf stage, the 
embryonic root was 1 5  cm long and its root branches were 
5 cm long. Roots were spread horizontally close to the soil 
surface. All embryonic roots developed roots of the first 
order 0.5 cm long (see Fig. 1 :  I) . 

Growth of embryonic roots (the tap root and its 



branches) and mesocotyl roots continued at the 5th leaf 
stage. All roots developed lateral branches of the first and 
second order. Lateral branches of the first order of the tap 
root were strongly developed. Lateral branches of the 
second order were at the incipient stage and only along the 
tap root their length reached 1 -2 cm. On the coleoptyl 
node 5-7 roots with a length of 10- 1 2  cm were observed. 
These roots constitute the first nodal roots spread horizon
tally in the soil . The nodal roots did not develop any 
lateral branches. On the epicotyl itself, 3-4 thin roots were 
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formed without branches, e,g. epicotyl roots , l2- 1 5  cm 
long. 

At the 1 1 th leaf stage the maize root system became 
more complicated from a structural point of view, repre
sented by the embryonic tap root, mesocotyl, epicotyl and 
nodal roots of the first, second, third and fourth axes. 
Nodal roots of first axes were considerably longer ( 104 
cm) and penetrated deeper (95 cm) than the tap root with 
a length of 93 cm and depth of penetration of 82 cm (see 
Fig. 1 :  II) .  At this stage, lateral embryonic roots of many 
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m 

Fig. 1 .  Root system of hybride maize (Juzhny-3TV). 1 -5 leaves ;  11 - l l leaves ;  Ill - heading of panicles; IV - flowering of maize cobs. 
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1 1 8 Morphological investigations of maize root systems 

Table 1 .  Excretion intensity of root exudate by different root types of maize (Juzhny-3TV) during vegetation period (mg/hour). 

Stage of leaf development Embryonic roots 

Tap roots Root branches 

2nd leaf 12 9 
3rd leaf 17 7 
4th leaf 28 1 1  
5th leaf 1 69 132 
9th leaf 246 72 
1 2th leaf 1 00 no 
Heading of panicles no no 
Flowering of corn cobs no no 
Milky ripeness no no 

plants started to die. Evidently this is related to the strong 
development of nodal roots and the decreasing impor
tance of the embryonic roots. 

By the 55th day after germination, at the stage of the 
formation of the panicles, the seven axes of nodal roots 
were formed (see Fig. 1 :  Ill). Nodal roots of second axes 
were easily distinguished, they formed lateral branches up 
to the third order. Lateral embryonic mesocotyl and 
epicotyl roots died at this time in almost all plants. The tap 
root remained alive in many plants, but the apical part of 
it died. Roots started to appear on above-ground nodes, 
their length was not more than 10- 1 2  cm. 

By the 66th day after germination, at the stage of 
maize cob flowering, nodal roots of the second order grew 
intensively (up to 1 20 cm) and formed lateral branches of 
the fourth order. Intensive branching took place to a depth 
of 45 cm below the soil surface (see Fig. 1 :  IV). Rapid 
growth of nodal roots of the seventh and eighth order were 
observed. Roots of the ninth order were formed from 
above-ground nodes as knobs and only single roots pen
etrated into the soil to a depth of 5 cm. 

By the 83rd day after germination, at the stage of 
ripeness of the grains, there were no changes in growth 
except for growth of roots of seventh, eighth, and ninth 
order. These roots grew from above-ground nodes and 
penetrated into the soil to a depth of 24-40 cm. Intensive 
branching was observed at a depth of 20-30 cm. 

Thus, maize roots have different origins developmen
tal levels and are distributed in different ways in the root
habitat. Therefore, it is reasonable to assume that they 
must have different levels of functional activity. 

At the stage of 2-5 leaves, the above-ground organs 
are supplied with water by embryonic (the tap root with 
branches) and mesocotyl roots (Table 1 ) .  It is shown that 
among the embryonic roots, the tap root had a strong 
absorbing capacity. This root excreted 1 .5-3 .0 times 
stronger root exudate than the lateral embryonic roots 
during all growth stages. Most intensive root exudate 
excretion by the tap root took place at the 9th leaf stage. 
Lateral embryonic roots finished their functional activity 
at the 12th leaf stage. At the same time the mesocotyl roots 

Acta Phytogeogr. Suec. 81 

Mesocotyl roots Nodal roots, axes 

2 3 4 

7 no no no no 
8 10 no no no 
1 1  23 no no no 
7 1 96 5 1  no no 
2 300 1 1 3 no no 

no 350 294 no no 
no 218  250 163 no 
no 1 05 237 175 1 80 
no 85 2 1 3  269 270 

stopped their excretion of root exudate. 
With the development of the root system, the nodal 

roots gradually took greater part in the root functioning. 
At the stage of third leaf formation 25 % of the root 
exudate was distributed to above-ground organs from 
nodal roots of the first axes and they kept their functional 
activity to the end of the development of the plant. But the 
greatest amount of root exudate from those roots was 
observed at the stage of 6- 1 2 leaves. After appearance of 
the 5th leaf, root exudate was distributed to above-ground 
organs from embryonic and nodal roots of the first axes 
together with nodal roots of the second axes. 

At the stage of heading of panicles, roots of the second 
axes were most active in root exudate excretion, and they 
remained so until the end of the growth period. At the 
same time, nodal roots of third axes started to take part in 
the root excretion and at the stage of flowering maize 
cobs, the nodal roots of the fourth axes. Nodal roots of the 
fourth axes were the main water and nutrients suppliers at 
the stage of grain ripeness. 

Thus, the root system of the present maize hybrid 
consists of tap and branched roots, mesocotyl and epicotyl 
roots below-ground nodal roots. Different root types ex
crete unequal amounts of root exudate during the vegeta
tive period. At the beginning of growth (at the 2-6 leaves 
stages) the tap root and embryonic roots are more impor
tant. From the 9th leaf stage up to the stage of milky 
ripeness of the grain, the root excretion is taken over by 
nodal roots. 
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Pathways, mechanisms and efficiency of phosphate transfer · 

in vesicular-arbuscular mycorrhizal roots 

Introduction 

F. Andrew Smith & Sally E. Smith 

Abstract 

Smith, F.A. & Smith, S .E. 1996. Pathways, mechanisms and efficiency of phosphate transfer in 
vesicular-arbuscular mycorrhizal roots. - Acta Phytogeogr. Suec. 8 1 ,  Uppsala. ISBN 9 1 -7210-
08 1-8. 

The roots of most terrestrial plants are normally colonised by fungi that form beneficial 
symbioses (mycorrhizas) where a major physiological function is the transfer to the plant of 
nutrients that are relatively immobile in soil, in exchange for carbohydrates that are used for 
fungal growth. The most common mycorrhizas are vesicular-arbuscular (V A) mycorrhizas, 
which are very widespread in wild and cultivated plants. 

Membrane transport processes are central to the nutritional interactions in V A mycorrhizas. 
We have estimated that fluxes of P from fungus to root are so high that special mechanisms 
promoting P efflux from the fungus must be activated by the plant. The fungus may activate 
transport mechanisms for carbon transfer from the root that are similar to those involved in 
phloem unloading to the cortical apoplast. It is usually assumed that P transfer to the plant occurs 
only across the intracellular (arbuscular) interface, simultaneously with carbohydrate transfer 
from the plant. However, we have obtained evidence that in VA mycorrhizas which have both 
arbuscular and extensive intercellular phases (Arum-types) the transfer processes are spatially 
separated. We have suggested that carbohydrate may efflux mainly from cortical cells into the 
intercellular apoplast, from which it is absorbed into intercellular hyphae, and that the arbuscule 
is primarily the site of P transfer. Spatial separation between sites of transfer of P and 
carbohydrates can account for variations in efficiency of nutrient transport (i.e. amount of P 
transported to the host per amount of carbon transported to the fungus) in different host/fungus 
combinations or under different environmental conditions. 

We discuss here the possible functional significance of V A mycorrhizas in which there are 
different intraradical structures (Arum- versus Paris-types). We suggest that structural differ
ences may be related to differences in nutritional efficiency of the symbiosis. The interesting 
question of why a plant permits colonisation that may result in little or no nutritional benefit is 
briefly addressed and the costs and benefits of the V A mycorrhizal association are reviewed. We 
emphasise the need for integration of structural and functional studies of V A mycorrhizas, and 
for more research on the mycorrhizas of wild plants. 

Keywords: A TPase activity; Biodiversity; Membrane transport; Nutrient transfer; V A mycorrhiza. 

Department of Botany and Department of Soil Science, The University of Adelaide, SA 5005, 
Australia. 

Mycorrhizas are symbioses between the roots of plants 
and soil fungi and are very widespread in both wild and 
cultivated plants. It is estimated that over 90% of the 
families of higher plants (gymnosperms and angiosperms) 
contain species that are mycorrhizal. Many lower land 
plants (bryophytes and pteridophytes) are also mycorrhizal. 
The different classes of mycorrhizas are defined by the 

types of fungi and by the anatomical features of the 
mycorrhizal roots, and within each class there is little 
specificity either in the plant species that are colonised by 
a fungal species or in the fungal species that can colonise 
a single plant species. There are broad differences be
tween the dominant classes of mycorrhizas that are found 
in different geographical locations, reflecting different 
soils and types of vegetation (Read 1 99 1 ) .  Vesicular
arbuscular (VA) mycorrhizas are the most common over-
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all, predominating in understorey plants of woods and 
forests, in temperate and tropical grasslands, and in plants 
of scrub and desert. (Recently, there has been a move to 
rename VA mycorrhizas 'arbuscular mycorrhizas ' be
cause not all form vesicles. We retain the old name for 
continuity and also because formation of arbuscules can 
also vary - see below). The trees oftropical forests contain 
both VA and some ectomycorrhizas, while Mediterra
nean-type vegetation contains very mixed mycorrhizal 
associations, including ericoid, ecto-, V A and other classes. 

In practice, these geographical distinctions are not 
absolute. Different classes of mycorrhizas are often found 
in close proximity, as can be appreciated by looking at the 
vegetation types when walking up a mountain, whether 
the European Alps or the Tienshan. Only in the most 
inhospitable environments, such as nival regions, or in 
saline, anaerobic or highly disturbed soils, are plants 
mostly not mycorrhizal. Thus, the question that mycor
rhizologists pose is not why higher plants are mycorrhizal, 
but why a few types are non-mycorrhizal (Tester et al. 
1988). It is highly relevant to root research in the field to 
include mycorrhizal associations as a factor that influ
ences plant growth and competition, especially of wild 
plants which often grow where levels of soil nutrients are 
low. However, mycorrhizas can also improve growth and 
productivity of cultivated plants even when levels of 
applied fertilisers are high. 

The formation of a mycorrhiza involves a sequence of 
events including recognition phenomena (by both fungus 
and plant) and the development of interfaces across which 
there is two-way transfer of nutrients, both inorganic and 
organic (Smith & Smith 1 990, in press) . Thus transfer 
usually, but not always, leads to improved nutrition and 
positive growth responses in the host plants, especially 
where levels of soil nutrients such as P or N are low. The 
main uptake processes in V A mycorrhizas include move
ment of P and other inorganic nutrients from soil, via the 
fungal hyphae, to the host (see Rhodes & Gerdemann 
1 980; Harley & Smith 1 983). Uptake of N involves as
similation to organic N within the fungus and subsequent 
transfer of organic N to the plant. Carbohydrate moves in 
the reverse direction from the host to the fungus. Transfer 

of phytohormones or other growth factors has also been 
proposed, but there is little direct evidence for this. In V A 
mycorrhizas - at least those that have been most com
monly used experimentally - there are two distinct inter
faces . One is intercellular, where fungal hyphae traverse 
air spaces within the cortex. The second is intracellular, 
where the fungus penetrates cortical cells and usually 
forms the many-branched arbuscules. However, even in 
this latter case the symbionts are separated by two plasma 
membranes and cell wall material, i .e. there is still an 
apoplast of limited volume between the symbionts (Smith 
& Smith 1 990) . 

The purpose of this paper is to summarise some of our 
recent work with V A mycorrhizas and then to consider 
broader issues that relate to the nutritional efficiency of 
the symbiosis in terms of structures and activities of the 
interfaces in V A mycorrhizal roots. 

Results and Discussion 

Rates of transfer of P from fungus to host 

Cox & Tinker ( 1 976) combined the use of electron 
microscopy and image analysis to calculate the surface 
area of arbuscules in the Allium/Glomus symbiosis. They 
also estimated the life span of individual arbuscules (about 
4 days in this case) and the inflows of P per unit root 
length. They were thus able to calculate the flux of P 
across the arbuscular interface, assuming that the hyphal 
interface was not involved. The calculated flux of P was 
about 1 3  nmol m-2 s-1 , about 1 00 times too high to be due 
to release of P during digestion of arbuscules. In other 
words, the conclusion was that there must be continuing 
efflux of P from living fungus. 

Also using the Allium/Glomus symbiosis, we have 
refined this approach in two ways (Smith & Dickson 
199 1 ;  Smith et al. 1 994 ). One has been to use nitroblue 
tetrazolium to stain only living fungal tissue and the other 
has been to apply computerised image analysis to calcu
late separately the surface areas of the arbuscular and 
hyphal interfaces. The relative importance of the latter 

Table 1 .  Areas of fungus/host interfaces in Allium porrum and estimated fluxes of P from Glomus sp. 'City Beach' (WUM 1 6) .  

Harvest time 
(days) Infection (%) 

21 64 
42 69 
63 82 

Area of interface 
(m2m(root)-l x I0-3) 

Arbuscules Hyphae 

2.33 0.3 1 
2.65 0.99 
0.44 0.89 

Flux of P 
(nmol m-2s-1) 

Via arbuscules Via total area 

12 .8  
9 .0  
5 .9  

1 1 .3 
7 . 1  
3.7 

Data are derived from Smith & Dickson ( 199 1)  and Smith et al.(1994). P fluxes were estimated from inflows of P into mycorrhizal and non-mycorrhizal 
plants, and are average values over the periods 0-21 ,  21 -42 and 42-63 days. 
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Table 2. Models for transfer of phosphate and carbohydrate 
across fungus-plant interfaces in V A mycorrhizas. 

A. Arum-type Structural basis 
Interface: for fungal 

Hyphal Arbuscular cheating 

! .Traditional model No 
- phosphate transfer + 
- carbohydrate transfer + 

2.Spatial separation Yes 
- phosphate transfer + 
- carbohydrate transfer + 

B. Paris-type Interface: 
Coil Arbuscular 

! .Traditional model No 
- phosphate transfer + 
- carbohydrate transfer + 

2.Spatial separation Yes 
- phosphate transfer + 
- carbohydrate transfer + 

3. Uniform transfer No 
- phosphate transfer + + 
- carbohydrate transfer + + 

interface as a proportion of the total increases with time 
after the initial colonisation, as shown in Table 1 .  It seems 
to us, therefore, unrealistic to ignore the intercellular 
hyphal interface as a potential site of nutrient transfer in 
the many V A mycorrhizas which exhibit this interface. 
Such cases can be classified as Arum-type symbioses, 
after the plant in which they were first described (Gallaud 
1 905). Table 1 also shows that the values for fluxes of P 
across the interfaces - calculated separately for arbuscules 
alone and for the total interface - agree well with the single 
value calculated by Cox & Tinker ( 1976).These values 
are so high in comparison with those for efflux of P from 
free-living cells or tissues that we concluded that the plant 

____must enhance or activate mechanisms for efflux ofP at the 
interface(s). The fungus may enhance transport mecha
nisms for transfer of organic C from the root that are 
similar to those involved in unloading of phloem. 

Mechanisms and interfaces involved in nutrient transfer 

As already noted, the usual assumption has been that, 
because of their appearance (large surface area/ volume 
ratio), only arbuscules are involved in nutrient transfer, 
and that there is simultaneous 2-way transfer of P and 
organic C (carbohydrate). This is summarised as the 'tra
ditional model' in Table 2A. Influx of P or organic C 
across a plasma membrane will involve eo-transport with 
H+, driven by the primary H+-ATPase (see Gianinazzi-

F. A. Smith & S. E. Smith 1 2 1  

Pearson e t  al. 199 1 b, for details). However, the only direct 
evidence for this model has come from cytochemical 
studies aimed at identifying the activity of membrane
bound A TPases which might be involved in nutrient trans
fer (Marx et al . 1 982). We and our associates have 
reinvestigated this issue, again using the cytochemical 
techniques, but also adding inhibitors to attempt to distin
guish ATPases involved in membrane transport from 
other, non-specific,  ATPase or phosphatase activity 
(Gianinazzi-Pearson et al. 1 99 1 b) .  The results are sum
marised in Table 3, which shows that fungal plasma 
membrane in the arbuscules had little or no membrane 
ATPase activity, although there was significant activity in 
the intercellular hyphae. Conversely, plant plasma mem
brane adjacent to the intercellular hyphae did not have 
membrane ATPase activity but that adjacent to the 
arbuscules did. With the assumption that a plasma mem
brane lacking ATPase activity was incapable of active 
uptake (eo-transport) of solute, a new model was devel
oped that incorporated spatial separation of transfer of P 
and of organic C, as also summarised in Table 2A. It is this 
new model which has led us to consider aspects of diver
sity in the VA mycorrhizal symbiosis, as follows. 

Variations in nutritional efficiency in V A mycorrhizas; 

cheating by the fungus 

It has been known for many years that formation of V A 
mycorrhizas does not always lead to large positive growth 
responses by the host. Sometimes there is no response, 
and sometimes there is a reduction - i.e. the association 
can be 'parasitic' (e.g. Buwalda & Goh 1 982; Bethlen
falvay et al. 1982a and b; see also Miller 1 987) . There are 
two environmental conditions that can produce these 'un
desirable' responses in some plant species. The first is low 
light intensity, sometimes found in experiments in growth 
cabinets or glass-houses : this can result in limitation of 
photosynthesis and hence in excessive drain of organic C 
to the fungus. The second condition involves high levels 

Table 3. Occurrence of ATPase activity on plasma membranes 
of Glomus intraradices colonizing Allium cepa. 

Inhibitors Interface 

Hyphal Arbuscular 

Plant fungus Plant fungus 

None (+) ++ ++ ++ 
motybdate (-) ++ ++ (-) 
vanadate or DES (-) (-) (-) (-) 

Conclusions: 
H+ -ATPase activity No Yes Yes No 

Summarized from Gianinazzi-Pearson et al. ( 1 99lb). Key: ++: strong 
activity; (+) : weak activity; (-) : no or variable activity. 
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of mineral nutrients (especially P) in soils or experimental 
growth media. This results in improved mineral uptake by 
the non-colonised parts of the root surfaces, so that the 
fungal hyphae give no additional benefit in terms of plant 
growth, although they may continue to absorb and trans
fer P. Again, the loss of C to the fungus can become an 
excessive drain on photosynthesis; compared with non
colonised plants . Sometimes,  colonisation is reduced by 
high levels of external nutrients, i. e. the plant casts off the 
'unnecessary' symbiont, but the levels of nutrients that 
reduce colonisation vary greatly with different fungus/ 
plant combinations. The different growth responses illus
trate differences in nutritional efficiency, which we will 
define for simplicity as supply of P per organic C lost to 
the fungus.  

An advantage of the new model that includes spatial 
separation of transfer of P and of organic C is that it gives 
a structural basis for the differences in nutritional effi
ciency (Table 2A) . If the model is correct, it is possible for 
transfer of organic C to be maintained even when 
arbuscules are few or inactive, provided that the intercel
lular hyphae are sufficient to support growth of the fun
gus .  Under these conditions the symbiosis is no longer 
mutualistic : in ecological terms, the fungus can be called 
a 'cheater' (Soberon & Martinez del Rio 1 985) or 'mimic' 
(Yallop & Davy 1 994) . 1t is interesting to ask why the host 
plants do not prevent colonisation by fungi under these 
conditions . The answer may lie in the lack of specificity of 
the association, in that the host may not be able to distin
guish a truly beneficial V A mycorrhizal fungus from a 
potential cheater. In other words, this question relates to 
the recognition phenomena and control exerted by the 
fungus and host. The evolutionary implications of cheat
ing in V A mycorrhizas are thoughtfully considered by 
Janos ( 1 985, 1 987). 

It is relevant that there is a mutant of Pisum that causes 
V A mycorrhizal colonisation not to proceed beyond for
mation of appressoria, and another that shows develop
ment of intercellular hyphae, with membrane A TPase 
activity, but only abortive development of arbuscules, 
with no ATPase activity at the interface (Gianinazzi
Pearson et al. 1 99 1 a, 1 994) . This demonstrates that devel
opment of the fungal structures in the root is partly con
trolled by the host, which can thus, potentially at least, 
control the efficiency of P transfer. The advantage to the 
plant of allowing only growth of intercellular hyphae 
(without arbuscules) and hence only loss of carbohydrate 
is not clear, as is also the case in other situations where 
cheating by the fungus occurs. 

Two classes of V A mycorrhizas: implications for 

nutritional efficiency 

Our interest in the possible interactions between structure 
and function in V A mycorrhizas has led us to survey the 
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literature that describes different fungal structures in V A 
mycorrhizal roots (Smith & Smith 1 996b ) .  Unfortunately, 
although there have been many measurements of effects 
of different environmental conditions on overall colonisa
tion (e.g. percent of root length colonised) there are very 
few comparative studies of effects on development of 
arbuscules vis-a-vis intercellular hyphae (see, however, 
Bruce et al. 1 994) . Such measurements are needed to 
demonstrate if, for example, an efficient V A mycorrhizal 
symbiosis is one in which there are numerous active 

arbuscules, and if an inefficient symbiosis involves few 
active arbuscules but a large biomass of intercellular and 
external fungal hyphae. 

Gallaud ( 1 905) distinguished two classes of VA 
mycorrhizas . One is the Arum-type, of which Allium 

mycorrhizas form a classic example, as do the V A mycor
rhizas of many cultivated plants, such as tomato, soybean, 
maize and cereals in general. The definitive feature of this 
class is that, having penetrated the epidermis and (where 
present) the hypodermis, fungal hyphae grow rapidly in 
the intercellular spaces within the cortex, resulting in the 
hypha! interface already described. Penetration through 
the cortical cell walls to form arbuscules or vesicles is 
essentially a second colonisation step, at least partly under 
the control of the plant, as shown by the mutants of Pisum 

mentioned above. 
The second class of V A mycorrhizas described by 

Gallaud ( 1 905) is the Paris-type. In this case an extensive 
intercellular phase of fungal growth is lacking. Having 
penetrated the epidermis and (where present) the hypo
dermis, the fungus grows entirely intracellularly, with the 
formation of distinctive coils of hyphae that are similar to, 
but more extensive than, the coils that can form in hypo
dermal cells of both classes of V A mycorrhizas . Whether 
this fundamental difference between the two classes re
sults from differences in development or extent of cortical 
intercellular spaces is still not known. In the Paris-type, 
the arbuscules may be very few and relatively long-lived. 
The different structures are described very well by 
Brundrett & Kendrick ( 1 990a and b). These authors made 
us realise that the Paris-type of V A mycorrhiza is prob
ably very common and that its importance has been under
estimated because there have been very few detailed 
investigations of wild plants in which it has been most 
commonly found. 

It is important to appreciate that whether a V A 
mycorrhiza develops as an A rum- or a Paris-type is not an 
attribute of the fungal genome but is under the control of 
the plant. This was demonstrated by Gerdemann ( 1 965), 
who showed that the same fungus formed V A mycorrhizas 
of the A rum-type in maize and of the Paris-type in 
Liriodendron (tulip-tree) . Likewise Jacquelinet-Jean
mougin & Gianinazzi-Pearson ( 1 983) found that develop
ment of Paris-type V A mycorrhizas in Gentiana was 
produced by fungi that formed A rum-type mycorrhizas in 



Allium. 
Irrespective of whether or not nutrient transfer in

volves spatial separation across different interfaces, it is 
obvious that the Paris-type structures may result in differ
ent nutritional efficiencies compared with the Arum-type. 
Brundrett & Kendrick ( 1990b) suggested that the Paris
type may be relatively inefficient because of the infre
quency of arbuscules, relying on the traditional assump
tion that transfer occurs primarily across the arbuscular 
interface. This situation is summarised in Table 2B . There 
would have to be large fluxes of organic C into the 
arbuscules to maintain a large fungal biomass and there 
would be no structural basis for cheating by the fungus. 
An alternative possibility shown in Table 2B is that P loss 
to the host occurs across the arbuscular interface, with C 
loss to the fungus via the coils, allowing variation in 
nutritional efficiency and with much scope for fungal 
cheating. Yet a third possibility is that exchange of P and 
organic C can occur across the whole intracellular inter
face, including the coils. The exchange could then be very 
efficient and 'tight' , possibly with little scope for cheating 
by the fungus (Table 2B). It seems important to resolve 
these uncertainties, if only to have a more accurate appre
ciation of the role of V A mycorrhizas in wild plants. 

The costs and benefits of the V A mycorrhizal symbiosis 

The costs and benefits of the V A mycorrhizal symbiosis 
have been extensively analysed, e.g. by Harris & Paul 
( 1987), Fitter ( 199 1 )  and Tinker et al. ( 1 994 ). Koide 
( 1 99 1 )  has discussed nutritionally-related traits in plants 
that should predispose them to high or low growth re
sponses to V A mycorrhizal colonisation. He suggested 
that there may be major differences in growth responses 
between plants that constitutively can only grow slowly 
compared with those that can grow rapidly. This area is 
particularly interesting in the present context because 
many wild plants are slow-growers (Brundrett & Kendrick 
1990a), though ephemerals, some of which are non
mycorrhizal, can grow rapidly. Many cultivated plants 
have been bred for fast growth, and also for maximal 
production of above-ground biomass, whether seeds, fruits 
or leaves. Koide concluded that since most wild plants 
have apparently evolved so that their growth rates can 
cope with relatively low availability of P they should 
show relatively low dependency on V A mycorrhizal fungi. 
In contrast, according to Koide, the high growth rates of 
cultivated plants might lead to P demand outstripping 
supply and hence to a greater dependency on V A 
mycorrhizas. Since the VA mycorrhizal symbiosis is very 
ancient and presumably evolved on nutrient-poor soils, 
this conclusion seems counter-intuitive, and there are 
complications with the analysis, as acknowledged by 
Koide. For example, a low rate of extension of (non
mycorrhizal) roots may lead to depletion zones of P that 
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are at least as large as those around the roots of fast
growers which will explore a similar soil more rapidly. In 
both cases, the extent of depletion of P will depend on the 
level of P in the soil and the uptake capacity for P. Hence 
the role of V A mycorrhizas in circumventing localised 
depletion of P, even in slow-growers, should not be un
derestimated. More generally, the involvement of the 
mycorrhizas has presumably been 'built in' during the 
evolution of wild plants and the fungi form part of the 
normal sink for the plants ' photosynthate. The complica
tion for plants of high growth capacity is that while V A 
mycorrhizas can help to meet the large demand for P, 
especially in soils low in P, this demand may only be met 
at the expense of organic C that the plant can ill afford if it 
has evolved (or been bred) to minimise excess photosyn
thetic capacity and especially if it has a high shoot/root 
ratio. 

Lambers & Poorter ( 1992) and contributors to this 
symposium (4th International Symposium on Root Re
search) have addressed the ecophysiological consequences 
of fast and slow growth in terms of carbon balance and 
especially supply of organic C to the roots (see also 
Korner 1994). Ryser & Lambers ( 1 995) suggested that 
plants with inherently slow growth rates, especially per
ennials, are able to lay down comparatively large amounts 
of C as reserves, and that the cell walls within their roots 
can be relatively thick when compared with plants with 
inherently fast growth rates. If slow-growers can divert 
some of this C to mycorrhizal fungi without harm to the 
host, they may be better able to support the fungi than fast
growers in which the supply of C to the roots is kept to the 
minimum needed for nutrient uptake by the roots. Thus, it 
may be that slow-growers are less liable than fast-growers 
to growth depressions caused by mycorrhizal fungi or, in 
other words, that slow-growers can better tolerate cheat
ing by the fungus. This may be one of the reasons why 
plants have not evolved ways of repelling the fungal 
cheaters ; i .e .  the slow growers can afford to be cheated, 
while 'awaiting' a nutritionally efficient V A mycorrhizal 
colonisation (see also Janos 1985, 1 987). 

As emphasised by Koide ( 1 99 1 ) ,  plants with low 
shoot/root ratios should be predisposed to relativity small 
growth responses to mycorrhizal colonisation. However, 
there is a further complication in that there are differences 
in the ability of plants to adjust their shoot/root ratios. A 
plant that responds to colonisation by adjusting its root 
biomass (compared to a non-colonised plant of the same 
species) is at an additional advantage in supporting a 
mycorrhizal fungus than a plant with little plasticity in 
this respect. 

Lastly, morphology of roots is another important con
sideration in assessing nutrient efficiency of the mycor
rhizal symbiosis .  Plants with 'magnolioid-type' roots, i .e. 
roots that are comparatively thick and with few or no root
hairs, tend to show greater V A mycorrhizal colonisation 
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and dependency than those with fine, long roots and root
hairs (Baylis 1 975). Bay lis suggested that the evolution of 
the form of roots may have been influenced by the V A 
mycorrhizal symbiosis . Allium species are good examples 
of plants with magnolioid-type roots. The cultivated Allium 

species that we have used (A. cepa and A. porrum) grow 
relatively slowly compared to many cultivated plants yet 
show large growth responses to V A mycorrhizal coloni
sation in soils with low nutrient levels. These Allium 

species demonstrate that high V A mycorrhizal depend
ency is not simply a feature of fast-growers. Also, they 
have many wild relatives and therefore seem reasonable 
models for wild plants with A rum-type V A mycorrhizas. 

Obviously, it is unrealistic to analyse costs and ben
efits of the V A mycorrhizal symbiosis simply in terms of 
either carbon demand by the fungal partner, or phosphate 
demand by the plant, without considering traits such as 
those discussed above, and others such as turnover of 
roots, which can also vary, e.g. between slow- and fast
growers (SchUipfer Ryser 1 996). Fungal traits which are 
variable and should also be considered include the extent 
(biomass) of the external hyphae and the number of vesi
cles. The former is obviously important with respect to 
nutrient uptake and both are part of the carbon demand of 
the fungus .  

Conclusions 

In this paper we have described how our own studies have 
led us to think about wide issues which can be described 
as biodiversity among V A mycorrhizas. This biodiversity 
includes various physiological and structural features, all 
of which are relevant to questions of nutritional efficiency 
of V A mycorrhizas, mutualistic symbiosis versus parasit
ism and the ecological consequences thereof. Even if the 
new model for spatial separation of nutrient transfer across 
interfaces (Gianinazzi-Pearson et al . 1 99 1  b) turns out to 
be incorrect, there are other ways in which there might be 

-- separation of function in space (e.g. at a finer level) or in 
time. It is important to resolve the nature of the transport 
mechanisms at the molecular level, preferably using 
immunolabelling and other modem techniques. Likewise 
it is necessary to quantify the transfer of nutrients and 
organic C and so better understand variations in nutri
tional efficiency in plants having the two classes of V A 
mycorrhizas. It will be valuable to estimate fluxes of P 
across the interfaces using the indirect methods adopted 
for the Allium/Glomus symbiosis (Smith & Dickson 1 99 1 ;  
Smith et al. 1994). Although estimation of fluxes of 
organic C from plant to fungus is needed to complete the 
balance sheet, this unfortunately presents formidable dif
ficulties (see Tinker et al. 1994) . Furthermore, image 
analysis of the fungal structures in Paris-type V A 
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mycorrhizas may be difficult due to difficulties of resolv
ing arbuscules versus coils. 

To answer some of the wider questions concerning 
biodiversity will require an integrated study of the physi
ology, anatomy and morphology of V A mycorrhizal roots, 
especially of wild plants, to overcome previous and present 
emphasis on cultivated plants. Finality, we hope that root 
researchers who are not primarily interested in mycorrhizas 
will bear them in mind as part of the natural way of the life 
of most plants. 

Acknowledgements. Many of our colleagues have un
knowingly contributed ideas to this review. We thank 
especially: Dave Janos, Roger Koide, Christian Komer, 
Larry Peterson, David Read, Peter Ryser and (last but by 
no means least) Adrian Y allop, who actually set off the 
whole train of our thoughts about mimics and cheaters. 
We also thank Hans Persson and the organisers of the 
memorable 4th International Symposium of Root Re
search, Alma-Ata, Kazakhstan, for the opportunity to give 
the ideas an airing and pick up some more. Our research is 
supported by the Australian Research Council. 

References 

Bay lis, G. T .S. 197 5. The magnolioid mycorrhiza and mycotrophy 
in root systems derived from it. - In: Sanders, F.E. ,  Mosse, B .  
& Tinker, P.B . (eds.)  Endomycorrhizas, pp. 373-389. Aca
demic Press, London and New York. 

Bethlenfalvay, G.J., Brown, M.S .  & Pacovsky, R.S. 1982a. 
Parasitic and mutualistic associations between a mycorrhizal 
fungus and soybean: development of the host plant. - Phyto
pathology 72: 889-893. 

Bethlenfalvay, G.J. , Pacovsky, R.S . & Brown, M.S .  1 982b. 
Parasitic and mutualistic associations between a mycorrhizal 
fungus and soybean: development of the endophyte. -
Phytopathology 72: 894-897. 

Bruce, A., Smith, S .E . & Tester, M. 1 994. The development of 
mycorrhizal infection in cucumber: effects of P supply on 
root growth, formation of entry points and growth of infec
tion units. - New PhytoL 1 27 :  507-5 14. 

Brundrett, M. C. & Kendrick, B .  1 990a. The roots and mycorrhizas 
of herbaceous woodland plants. I. Quantitative aspects of 
morphology. - New PhytoL 1 14: 457- 468 . 

Brundrett, M.C. & Kendrick, B .  1990b. The roots and mycorrhizas 
of herbaceous woodland plants. 11. Structural aspects of 
morphology. - New PhytoL 1 14: 469-479. 

Buwalda, J.G. & Gob, K.M. 1982. Host-fungus competition for 
carbon as a cause of growth depressions in vesicular -arbuscular 
mycorrhizal rye-grass. - Soil BioL Biochem. 14:  103- 106. 

Cox, G. & Tinker, P.B . 1 976. Translocation and transfer of 
nutrients in vesicular-arbuscular mycorrhizas. I .  The arbus
cule and phosphorus transfer: a quantitative ultrastructural 
study. - New PhytoL 77 : 37 1 -378. 



Fitter, A. H. 199 1 .  Costs and benefits of mycorrhizas: implica
tions for functioning under natural conditions. - Experientia 
47: 350-355. 

Gallaud, I. 1 905. Etudes sur les mycorrhizes endotrophes. - Rev. 
Gen. Bot. 17 :  5-48, 66-83, 1 23-1 36, 223-239, 3 1 3-325, 425-
433, 479-500. 

Gerdemann, J.W. 1965 . Vesicular-arbuscular mycorrhizas 
formed on maize and tulip tree by Endogone fasciculata. -
Mycologia 57: 562-575 . 

Gianinazzi-Pearson, V., Gianinazzi, S ., Guillemin, J.P., Trouve
lot, A. & Due, G. 1 99 1 a. Genetic and cellular analysis of 
resistance to vesicular arbuscular (V A) mycorrhizal fungi in 
pea mutants. - In: Hennecke, H. & Verma, P.S. (eds.) Ad
vances in Molecular Genetics of Plant Microbe Interactions, 
pp. 336-342. Kluwer Academic Publishers, Dordrecht. 

Gianinazzi-Pearson, V., Smith, S .E., Gianinazzi, S. & Smith, 
P.A. 1991 b. Enzymatic studies on the metabolism ofvesicu
lar-arbuscular mycorrhizas. V. Is H+-ATPase a component 
of ATP-hydrolysing enzyme activities in plant-fungus inter
faces? - New Phytol. 1 17 :  61 -74. 

Gianinazzi-Pearson, V. ,  Gollotte, A. ,  Dumas-Gaudot, E. ,  
Giovanetti, M. ,  Lherminier, J . ,  Berta, G. & Gianinazzi, S .  
1994. Studies of  cellular and molecular processes involved 
in the development of arbuscular mycorrhiza using plant 
mutants . - In: Abstracts, 4th European Symposium on 
Mycorrhizas, Granada. p. 87. 

Harley, J.L. & Smith, S.E. 1983. Mycorrhizal symbiosis. -
Academic Press, London. 

Harris, D. & Paul, E.A. 1 987. Carbon requirements ofvesicular
arbuscular mycorrhizae. - In: Safir, G. (ed.) Ecophysiology 
of V A mycorrhizal plants, pp. 93- 105. CRC Press, Boca 
Raton, FL. 

Jacquelinet-Jeanmougin, S .  & Gianinazzi-Pearson, V. 1983 . 
Endomycorrhizas in the Gentianaceae. l. The fungus associ
ated with Gentiana lutea L. - New Phytol. 95 : 663-666. 

Janos, D.P. 1985. Mycorrhizal fungi: agents or symptoms of 
tropical community succession? - In Molina R. ( ed.) Proceed
ings, 6th NACOM, pp. 98- 106. Oregon State University. 

Janos, D.P. 1987. VA mycorrhizas in humid tropical ecosys
tems. - In: Safrr, G. (ed.) Ecophysiology of VA mycorrhizal 
plants, pp. 107-134. CRC Press, Boca Raton, FL. 

Koide, R.T. 199 1 .  Nutrient supply, nutrient demand and plant 
response to mycorrhizal infection. - New Phytol. 1 17: 365-
386. 

Komer, C.  1 994. Biomass fractionation in plants: a reconsidera
tion of definitions based on plant functions. - In: Roy, J. & 
Gamier, E. (eds.) A whole plant perspective on carbon
nitrogen interactions, pp. 173- 1 85.  SPB Academic Publish
ing, The Hague. 

Lambers, H. & Poorter, H. 1 992. Inherent variation in growth 
rate between higher plants: a search for physiological causes 
and ecological consequences. - Adv. Ecol. Res. 23 : 1 87-26 1 .  

F.A. Smith & S.E. Smith 125 

Marx, C.,  Dexheimer, J., Gianinazzi-Pearson, V. & Gianinazzi, 
S. 1982. Enzymatic studies on the metabolism of vesicular
arbuscular mycorrhiza. IV. Ultraenzyntological evidence 
(ATPase) for active transfer processes in the host arbuscular 
interface. - New Phytol. 90: 37-43 . 

Miller, R.M. 1 987.  The ecology of vesicular-arbuscular 
mycorrhizae in grass- and shrub-lands. - In: Safrr, G. (ed.) 
Ecophysiology of V A mycorrhizal plants, pp. 135- 1 7 1 .  CRC 
Press, Boca Raton, FL. 

Read, D.J. 1 99 1 .  Mycorrhizas in ecosystems. - Experientia 47: 
376-391 .  

Rhodes, L.H. & Gerdemann, J.W. 1 980. Nutrient translocation 
in vesicular-arbuscular mycorrhizas. - In: Cook, C.B. ,  Pappas, 
P.W. & Rudolph, E.D. (eds.) Cellular interactions in sym
biosis and parasitism, pp. 173- 195. Ohio State University 
Press, Columbus, OH. 

Ryser, P. & Lambers, H. 1994. Root and leaf attributes account
ing for the performance of fast- and slow-growing grasses at 
different nutrient supply. - Plant and Soil 170: 25 1 -265. 

SchHipfer, B. & Ryser, P. In press. Leaf and root turnover of 
three ecologically contrasting grass species in relation to 
their performance along a productivity gradient. - Oikos. 

Smith, S .E. & Dickson, S. 199 1 .  Quantification of active vesicu
lar-arbuscular mycorrhizal infection using image analysis 
and other techniques. - Aust. J. Plant Physiol. 18 :  637-648. 

Smith, S .E. ,  Dickson, S., Morris, C. & Smith, P.A. 1994. Trans
fer of phosphate from fungus to plant in V A mycorrhizas: 
calculation of the area of symbiotic interface and of fluxes of 
P from two different fungi to Allium porrum L. - New 
Phytol. 127 :  93-99. 

Smith, S .E. & Smith, P.A. 1990. Structure and function of the 
interfaces in biotrophic symbioses as they relate to nutrient 
transport. - New Phytol. 1 14: 1 -38.  

Smith, S .E. & Smith, P.A. 1996. Mutualism and parasitism: 
diversity in function and structure in the 'arbuscular' (VA) 
mycorrhizal symbiosis. - Adv. Bot. Res. 22: 1 -43. 

Smith, S.E. & Smith, P.A. In press. Membranes in mycorrhizal 
interfaces: specialised functions in symbiosis. - In: Small
wood, M., Knox, J.P. & Bowles, D. (eds.) Membranes 
specialised functions in plant cells. Bios, Oxford. 

Soberon, M.J. & Martinez del Rio, C. 1985 . Cheating and taking 
advantage in mutualistic symbioses. - In: Boucher, D.H. 
(ed.) The biology of mutualism, pp. 192-2 16.  Croom Helm, 
London. 

Tester, M.A., Smith, S .E. & Smith, P.A. 1988. The phenomenon 
of non-mycorrhizal plants. - Can. J. Bot. 65 : 4 19-43 1 .  

Tinker, P.B., Durall, D.M. & Jones, M .D. 1 994. Carbon use 
efficiency in mycorrhizas: theory and sample calculations. 
New Phytol. 1 28 :  1 15- 122. 

Y allop, A. & Davy, A. 1994. Growth response disparities - a case 
for mycorrhizal mimicry. - In: Abstracts, 4th European 
Symposium on Mycorrhizas, Granada, p. 72. 

Acta Phytogeogr. Suec. 81 



126 

Acacia tortilis 27 
Acanthosicyos horrida 14,  77 
Acer semenovii 87 
Acidification 20, 98 
Adventitious roots 37, 54, 58, 93 
Aerenchym 98 
Agave deserti 69 
Age classes 67, 89, 93, 1 17 
Agropyron intermedium 48 
Agrostis tenuis 79 
Ajania fastigiata 87 
Alchemilla obtusa 87 
Alhagi pseudoalhagi 9, 76 
Allium/Glomus symbiosis 1 20 
Aloe littoralis 14 
Alpine plants 35, 76, 87, 88, 92 
Ammophila arenaria 13  
Anabasis articulata 6 1  
Anabasis salsa 9 
Anthriscus sylvestris 80 
Aosta valley 49 
Apoplast 106 
Arbuscules 1 19 
Armeniaca vulgaris 35, 87 
Arthraerua leubnitziae 77 
Atraphaxis virgata 77 
Arrhenatherum elatius 80 
Artemisia monosperma 6 1 ,  69 
A. santolinifolia 87 
A. terra albae 9 
Arthrocnemum fruticosum 50 
Aster amellus 80 
A. bellidiastrum 80 
A TPase activity 121  
Atriplex halimus 47 
Autoradiograph 73 
A vena versicolor 8 1  
A vicennia marina 1 5  

Baikiaea plurijuga 25 
Berberis sphaerocarpa 35 
Beta vulgaris 50 
Biodiversity 124 
Biscutella laevigata 78 
Brachystegia sp. 27 
Broad-leaved forests 85 
Bromus inerrnis 48 
Bulbs 93-94 
Bulb size 93-94 

Camphorosma monspeliacum 8 
Cadmium contamination 39, 1 15 
Calluna vulgaris 80 
Canopy diameter 58 
Carbohydrate production 15,  19, 69, 1 1 7 

- transfer 1 1 8  
Carex arenaria 80 
C. curvula 80 
C. fmna 80 
C. humilis 80 
C. melanantha 87 

Acta Phytogeogr. Suec. 81 

Subject index 

C. sempervirens 80 
C. turkestanica 87 
Carbon budget 19  
Carinthian basin 78 
Carlina acaulis 80 
Cell elongation 96 

- division 96 
Cellulase activity 98 
Central Africa 24 
Caesium 1 14 
C-4 plants 84 
Chenopodium album 
Chromatin 102 

44 

Climatic conditions 
Cobresia capilliforrnis 

7, 15 ,  33, 78 
87 

Colline belt 80 
Comrniphora saxicola 14 
Conducting tissue 49 
Contractile roots 93-94 
Convolvulus lanata 59 
Cornulaca monacantha 59 
Cotoneaster megalocarpa 87 
Crataegus almaatensis 35-37 
C. songorica 35-37 
Crepis biennis 80 
Chromotagraphy 1 1 3 
Cross sections 52 
Culture solution 106, 1 13 
Cyperus conglomeratus 26 
Cystopteris filix-fragilis 87 

Dactylis glomerata 80 
Dehydration 96, 107 
Deschampsia cespitosa 80 
Desert 8-9, 27-28, 59, 68, 28 
Dianthus carthusianorum 80 
D. superbus 80 
Diversity 5, 1 24 
DNA synthesis 7 1 -74 
Dominant plants 86 
Dracocepha1um imberbe 87 
Drought 8, 30, 96, 101 

Elaegnus angustifolia 84 
Electrophoresis 102- 101 
Embryo cells 1 02 
Endemic species 92 
Endoderrnis 72, 105 
Environmental pollution 22, 39, 1 06, 1 12 
Ephedra intermedia 76 
Eurotia ceratoides 8 
Eremostachys taschkentica 65-67 
Eremurus sp. 53-56 
Erianthus ravennae 84 
Excavation method 7, 1 1 - 12, 32-33, 49, 57, 

65, 76, 1 16 

Fagus sylvatica 39-43 
Faidherbia albida 26 
Ferocactus acanthoides 69 
Festuca arundinacea 80 

F. paniculata 80 
F. pratensis 80 
F. rubra 77 
F. tenuifolia 77 
F. vaginata 33 
Fine roots 17-22, 29-3 1 ,  37, 58 

- biomass 18, 30 
- mortality 21 ,  3 1  
- respiration 3 1  

Flooding 98-100 
Forest steppe 30 
Fritillaria sewerzowii 92 

Gas exchange 69 
Genetic improvement 1 02 
Geophyte 69, 89 
Glomus intraradices 121  
GroBglockner region 78 
Growth inhibitors 100 

Halophytes 44 
Haloxylon aphyllum 1 0  
Heavy metals 15 ,  22, 39, 65 
Heiligenblut region 77 
Hippophae rharnnoides 57-58 
High altitude 35, 78, 84 
Holcus lanatus 80 
Hydration 96 
Hypericum perforatum 65-67 
H. scabrum 87 
Hypoxia 100 
Hypertrophy 99 
Hypotonic solution 1 1 3 
Humus content 8 1  

Immature stage 89, 92 
Imperata cylindrica 84 
Ingrowth cores 1 8-20 

Julbernardia sp. 27 
J uncus trifid us 80 
Juniperus communis 32-34 
J. turkestanica 87 
Jussieua repens 13 
Juvenile 89, 92 

Kalahari desert 1 1 , 5 
Karelinia caspia 9 
Kiskunsag National Park 32 
Kochia prostrata 10, 49, 76 
Kobresia myosuroides 80 
Koeleria vallesina 48 
Krascheninnikovia ( = Eurotia) ceratoides 76 

Lead contamination 4 1 -43, 1 1 5 
Leaf development 89, 104 
Leontodon hispidus 79 
Leontopodium ochroleucum 87 
Life stages 67, 89, 93-94, 1 17 
Liming 20 
Liniar regression 1 1 1  



Loiseleuria procumbens 
Lowry-positive compounds 
Luzula alpinopilosa 80 

Makba1sai ravine 
Malus sieversii 
Medical plants 
Melica ciliata 

88 
35, 87 
57, 106 

48 
Membrane transport 120 
Meristem 7 1 ,  102 
Metaxylem 72 

80 
1 1 3 

Minirhizotrons 17,  2 1 , 44-45, 61 -62, 109 
Miombo 25 
Moltkiopsis ciliata 61-63 
Monoliths 83 
Mucilage 
Mycorrhiza 

1 5  
26-27, 3 1 , 1 19-124 

Namibian desert 1 1 ,  77 
Nanophyton erinaceum 9 
Nardus stricta 78 
Natural vegetation 84, 86, 88 
Negev desert 59, 68 
Nepeta pannonica 65-67 
Nodules 58 

Oman 27 
Ononis repens 77 
0. spinosa 77 
Ontogenesis 65-67 
Opuntia ficus-indica 69 
Origanum vulgare 65-67 
Osmotic shock 1 1 3 
Osmotocum 102 
Ostrowskia magnifica 88-9 1 

Pamiro-Alai 83 
Pancratium sickenbergeri 69 
Pandanus sp. 1 3  
Papaver croceum 87 
Parenchyma 72-73 
Ph-mobility 104 

- uptake 42, 1 04 
Periderm 50, 72 
Phenology 1 09 
Phleum alpinum 80 

- hirsutum 80 
- pratense 12 

Phloem 6 1 ,  71  
Phlomis oreophila 87 
Phosphate transfer 1 1 8  
Photosynthesis 69 
Picea schrenkiana 87 
Pisum sativum 101 - 104, 1 19 
Plant age 66-67 

- communities 7, 48, 84 

- height 58, 89, 93-94 
- populations 66-67, 89, 93-94 

Plasma membrane 102, 1 13,  1 2 1  
Polygonum bistorta 80 

- nitens 87 
- VIVIparum 80 

Poa alpina 80, 87 
- pratensis 80, 87 

Populus pruinosa 84 
Potentilla aurea 80 

- heptaphylla 80 
Proliferation 7 1 ,  102 
Prosopis cineraria 27 
Precipitation 30, 33, 49 
Pulsatilla pratensis 80 

- vemalis 80 

Quercus robur 29 

Radioactive isotopes 1 13 
Ranunculus oreophilus 80 
Raphanus raphanistrum 44 
Relict species 89 
Rhizotron 17, 2 1 ,  40, 44-45, 61-62, 1 09 
Root anatomy 47-5 1 
Root architecture 43, 44, 1 7  
Root-boxes 40, 45 
Rheum maximoviczii 84 
Rhigozum trichotomum 77 
Rhizosphere 5-6 
Rhizomes 87 
Root diameter 34, 36, 49-50, 16 

- dry weight 1 8, 30, 34, 93-94, 28, 1 07,  
1 10 

- dynamics 18 ,  109 
- emergence 12, 2 1 ,  96 
- exudate 1 15 
- laterals 34, 37, 42, 49-50, 58, 66, 7 1 ,  90 
- length 2 1 ,  34, 46, 90, 93-94, 96, 1 10 
- morphology 28, 36, 55, 66-67, 89-90, 

93-94, 1 1 6 
- respiration 6 1 ,  69 
- spatial distribution 33-34, 58, 80, 84, 87, 

89-90 
- tips 42, 74, 100 
- vertical distribution 1 5, 8- 1 0, 15 ,  34, 36-

37, 45, 55, 58, 60, 66-67, 80 
- volume 34 
- width 90 

Rooting intensity 
Rosa spinosissima 
Rhodiola coccinea 

45-46, 80 
87 
87 

Saccharum spontaneum 84 
Salinity stress 45 
Sand dunes 60 

127 

Secondary thickening 50 
Seedlings 1 2, 26, 93, 96, 102, 1 13 
Seeds 39, 54, 65, 72, 88, 93, 1 02, 1 13 
Semidesert 7 
Sequential core sampling 1 8, 107,  1 10 
Shoot development 8, 49-50, 85, 89. 104 
Sonneratia alba 1 5  
Spiraea hypericifolia 87 
Sprouting 90 
Starch 15, 1 9  
Steppe 8 
Stipagrostis plumosa 60 

- scoparia 60 
Subalpine belt 80, 84, 87 
Suberinisation 30 
Symbiosis 26, 1 19 

Tajikistan 83 
Takyr 45 
Tap root 28, 37, 45, 85, 90, 1 16 
Temperature 78 
Thalictrum collinum 87 
Thymelaea hirsuta 6 1  
3H-thymidine 72 
Tian Shan 7,  34, 92 
Toxic elements 22, 39, 1 1 5 
Trans-Ili Alatau 34, 57, 65 
Trifolium alexandrinum 47 

- badium 80 
- pratense 65-67 

Triticum aestivum 7 1 ,  109- 1 1 1  
Tugai 84 

U apaca kirkiana 25 
Urtica dioica 106 

Vesicular-arbuscular (V A) mycorrhiza 1 19-
124 

- Arum-type 1 1 8  
- Paris-type 1 18 

Vicia faba 95-97 
Virginal stage 89-90, 93-94 
Voronezh region 30 

Water relations 1 6, 30, 6 1 ,  84, 96, 99, 100 
- stress 1 00 
- uptake 96 

Wheat 7 1  

Xylem 49, 59, 1 07 

Zailisky Alatau 53, 65 , 86 
Zea mays 12, 98, 1 13, 1 16 
Zygophyllum sp. 28 

Acta Phytogeogr. Suec. 81 



128 Svenska Viixtgeografiska Siillskapet 

SVENSKA V AXTGEOGRAFISKA SALLSKAPET 
SOCIETAS PHYTOGEOGRAPHICA SUECANA 

Adress: Viixtbiologiska Institutionen, Villaviigen 14, S-752 36 Uppsala, Sweden 

Sallskapet har till andamal att vacka och underhalla intresse for 
vaxtgeografien i vidstrackaste mening, att framja utforskande av 
flora och vegetation i Sverige och andra lander och att havda 
geobotanikens praktiska och vetenskapliga betydelse. 

Sallskapet anordnar sarnmankomster och exkursioner samt 
utger tva publikationsserier. Medlemskap kan erhallas efter 
anmalan hos sekreteraren. Foreningar, bibliotek, laroanstalter 
och andra institutioner kan inga som abonnenter. 

Sallskapet utger arligen Acta Phytogeographica Suecica. 
Medlemmar och abonnenter erhaller arets Acta mot postfOrskott 
pa arsavgiften jamte porto och expeditionskostnader. 

Vissa ar utges extra band av Acta, som erhalls mot en tillaggs
avgift. 

Sallskapet har tidigare utgivit den ickeperiodiska serien Stud
ies in Plant Ecology (vols. 1 - 19 Vaxtekologiska studier). Den 
kan forvarvas efter bestallning hos Sallskapet. 

The object of the Society is to promote investigations in flora 
and vegetation, their history and their ecological background. 
Through publication of monographs, and other activities, the 
society tries to stimulate geobotanical research and its applica
tion to practical and scientific problems. 

Individual members and subscribers (societies, institutes, li
braries, etc.) receive Acta Phytogeographica Suecica on pay
ment of the annual membership fee. There are additional fees in 
years when more than one volume is issued. For membership 
please, apply to the Secretary. 

The Society also issued Studies in Plant Ecology (vols. 1 - 19 
Vaxtekologiska studier), which can be ordered through OPULUS 
PRESS AB, Box 25 1 37, 750 25 Uppsala, Sweden. 

ACTA PHYTOGEOGRAPHICA SUECICA 

1 .  E. Almquist. 1 929. Upplands vegetation och flora. (Veg-
etation and flora of Uppland.) Out of print. 

2. S. Thunmark. 1 93 1 .  Der See Fiolen und seine Vegetation. 
ISBN 9 1 -7210-002-8. Price: 240 SEK. 

3 .  G. E. Du Rietz. 193 1 .  Life-forms of terrestrial flowering 
plants. I. ISBN 91 -7210-003-6. Price: 1 60 SEK. 

4. B. Lindquist. 1932. Om den vildvaxande skogsalmens 
raser och deras utbredning i Nordvasteuropa. (Summary: 
The races of spontaneous Ulmus glabra Huds. and their 
distribution in NW Europe.) Out of print. 

5 .  H. Osvald. 1933. Vegetation of the Pacific coast bogs of 
North America. ISBN 9 1 -721 0-005-2. Price: 1 60 SEK. 

6. G. Samuelsson. 1934. Die Verbreitung der hoheren Wasser
pflanzen in Nordeuropa. 1 934. Out of print. 

7.  G. Degelius. 1935. Das ozeanische Element der Strauch 
und Laubflechtenflora von Skandinavien. Out of print. 

8. R. Sernander. 1 936. Granskar och Fiby urskog. En studie 
over stormluckornas och marbuskarnas betydelse i den 
svenska granskogens regeneration. (Summary: The primi
tive forests of Granskar and Fiby. A study of the part 
played by storm-gaps and dwarf trees in the regeneration of 
the Swedish spruce forest.) ISBN 9 1 -72 10-008-7. Price: 
240 SEK. 

9. R. Sterner. 1938. Flora der Insel Oland. Die Areale der 
Gefasspflanzen Glands nebst Bemerkungen zu ihrer 
Oekologie und Soziologie. ISBN 9 1 -72 10-009-5. Out of 
print. 

10. B. Lindquist. 1938. Dalby Soderskog. En skansk lOvskog i 
fomtid och nutid. (Zusammenfassung: Ein Laubwald in 
Schonen in der Vergangenheit und Gegenwart.) ISBN 9 1 -
7210-01 0-9. Price: 240 SEK. 

Acta Phytogeogr. Suec. 81 

1 1 . N. Stlllberg. 1 939. Lake Vattem. Outlines of its natural 
history, especially its vegetation. ISBN 9 1 -721 0-01 1 -7. 
Price: 1 60 SEK. 

12 .  G. E. Du Rietz, A. G.  Hannerz, G.  Lohammar, R.  Santesson 
& M. Wcern. 1 939. Zur Kenntnis der Vegetation des Sees 
Takern. ISBN 9 1 -72 10-012-5. Price: 160 SEK. 

13 .  Vaxtgeografiska studier tillagnade Carl Skottsberg pa sextio
arsdagen 1112 1940. (Geobotanical studies dedicated to C.  
Skottsberg.) 1 940. ISBN 9 1 -7210-013-3. Price: 290SEK. 

14. N. Hylander. 194 1 .  De svenska formerna av Mentha gentilis 
L. coli. (Zusarnmenfassung: Die schwedischen Formen der 
Mentha gentilis L. sensu coil.) ISBN 9 1 -72 10-014- 1 .  
Price: 1 60 SEK. 

15 .  T. E. Hasselrot. 194 1 .  Till kannedom om nagra nordiska 
umbilicariaceers utbredning. (Zusammenfassung: Zur 
Kenntnis der Verbreitung einiger Umbilicariaceen in 
Fennoscandia.) ISBN 9 1 -7210-015-X.  Price: 240 SEK. 

16. G. Samuelsson. 1 943. Die Verbreitung der Alchemilla
Arten aus der Vulgaris-Gruppe in Nordeuropa. ISBN 9 1 -
72 10-01 6-8.  Price: 1 60 SEK. 

1 7. Th. Arwidsson. 1 943. Studien Uber die Gefasspflanzen in 
den Hochgebirgen der Pite Lappmark. ISBN 9 1 -72 10-0 1 7-
6. Price: 240 SEK. 

1 8. N. Dahlbeck. 1 945. Strandwiesen am slidostlichen Ore
sund. (Summary: Salt marshes on the S. E. coast of Ore
sund.) ISBN 9 1 -7210-01 8-4. Price: 1 60 SEK. 

19.  E. van Krusenstjerna. 1945 . Bladmossvegetation och blad
mossflora i Uppsalatrakten. (Summary: Moss flora and 
moss vegetation in the neighbourhood of Uppsala.) ISBN 
9 1 -72 10-019-2. Price: 290 SEK. 



20. N. Albertson. 1946. 6sterplana hed. Ett alvaromrade pa 
Kinnekulle. (Zusammenfassung: Osterplana hed. Ein 
Alvargebiet auf dem Kinnekulle.) ISBN 9 1 -7210-020-6. 
Price: 240 SEK. 

2 1 .  H. Sjors. 1948. Myrvegetation i Bergslagen. (Summary: 
Mire vegetation in Bergslagen, Sweden.) ISBN 9 1 -72 10-
021 -4. Price: 290 SEK. 

22. S. Ahlner. 1 948. Utbredningstyperbland nordiska barrtrads
lavar. (Zusammenfassung: Verbreitungstypen unter fenno
skandischen Nadelbaumflechten.) ISBN 9 1 -7210-022-2. 
Price: 240 SEK. 

23 . E. Julin. 1948. Vessers udde, mark och vegetation i en 
igenvaxande lovang vid Bjarka-Saby. (Zusarnmenfassung: 
Vessers udde. Boden und Vegetation in einer verwachsen
den Laubwiese bei Bjarka-Saby in bstergotland, 
Stidschweden.) ISBN 9 1 -721 0-023-0. Price: 240 SEK. 

24. M. Fries. 1 949. Den nordiska utbredningen av Lactuca 
alpina, Aconitum septentrionale, Ranunculus p1atanifolius 
och Polygonatum verticillatum. (Zusarnmenfassung: Die 
nordische Verbreitung von Lactuca alpina.) ISBN 9 1 -
721 0-24-9. Price: 1 60 SEK. 

25. 0. Gjcerevoll. 1949. Sn0leievegetasjonen i Oviksfjellene. 
(Summary: The snow-bed vegetation of Mts Oviksfjallen, 
Jamtland, Sweden.) ISBN 91 -721 0-025-7. Price: 1 60 
SEK. 

26. H. Osvald. 1949. Notes on the vegetation of British and 
Irish mosses. ISBN 91 -7210-026-5. Price: 160 SEK. 

27. S. Selander. 1950. Floristic phytogeography of southwest
em Lule Lappmark (Swedish Lapland). I. 1 950. ISBN 91 -
72 10-027-3. Price: 240 SEK. 

28. S. Selander. 1 950. Floristic phytogeography of southwest
em Lule Lappmark (Swedish Lapland). II. Karlvaxtfloran 
i sydvastra Lule Lappmark. (Summary: Vascular flora.) 
ISBN 9 1 -72 10-028- 1. Price: 160 SEK. 

29. M. Fries. 195 1 .  Pollenanalytiska vittnesbord om senkvartar 
vegetationsutveckling, sarskilt skogshistoria, i nordvastra 
Gotaland. (Zusarnmenfassung: Pollenanalytische Zeugnisse 
der spatquartaren Vegetationsentwicklung, hauptsachlich 
der W aldgeschichte, im nordwestlichen Gotaland, 
Stidschweden.) ISBN 9 1 -72 10-029-X. Price: 240 SEK. 

30. M. Wee m. 1952. Rocky-shore algae in the bregrund Archi
pelago. ISBN 9 1 -72 10-030-3. Price: 290 SEK. 

3 1 .  0. Rune. 1 953.  Plant life on serpentines and related rocks 
in the North of Sweden. 1 953.  ISBN 9 1 -721 0-03 1 - 1 .  Price: 
240 SEK. 

32. P. Kaaret. 1953.  Wasservegetation der Seen Orliingen und 
Trehorningen. ISBN 9 1 -72 10-032-X. Price: 1 60 SEK. 

33.  T. E. Hasselrot. 1 953.  Nordliga lavar i Syd- och Mellan
sverige. (Nordliche Flechten in Slid- und Mittelschweden.) 
ISBN 9 1 -7210-033-8. Price: 240 SEK. 

34. H. SjOrs. 1954. Slatterangar i Grangarde Finnmark. (Sum
mary: Meadows in Grangarde Finnmark, SW Dalama, 
Sweden.) ISBN 9 1 -721 0-034-6. Price: 160 SEK. 

35. S. Kilander. 1955. Karlvaxtemas ovre granser pa fjall i 
sydvastra Jamtland samt angransande delar av Harjedalen 
och Norge. (Summary: Upper limits of vascular plants on 
mountains in southwestern Jamtland and adjacent parts of 
Harjedalen (Sweden) and Norway.) ISBN 9 1 -72 10-035-4. 
Price: 240 SEK. 

36. N. Quennerstedt. 1955 .  Diatomeema i Langans sjo
vegetation. (Summary: Diatoms in the lake vegetation of 

Svenska Viixtgeografiska Siillskapet 1 29 

the Liingan drainage area, Jamtland, Sweden.) ISBN 9 1 -
7210-036-2. Price: 240 SEK. 

37. M.-B. Florin. 1957. Plankton of fresh and brackish waters 
in the Sodertalje area. ISBN 9 1 -72 10-037-0. Price: 1 60 
SEK. 

38. M.-B. Florin. 1957. Insjostudier i Mellansverige. Mikro
vegetation och pollenregn i vikar av bstersjobackenet och 
insjoar fran preboreal tid till nutid. (Summary: Lake stud
ies in Central Sweden. Microvegetation and pollen rain in 
inlets of the Baltic basin and in lakes from Preboreal time 
to the present day.) 1957. ISBN 91-7210-038-9. Price: 
1 60 SEK. 

39. M. Fries. 1 958.  Vegetationsutveckling och odlingshistoria 
i V amhemstrakten. En pollenanalytisk undersokning i Vas
tergotland. (Zusarnmenfassung: Vegetationsentwicklung 
und Siedlungsgeschichte im Gebiet von V amhem. Eine 
pollenanalytische Untersuchung aus Vastergotland (Stid
schweden) .) ISBN 9 1 -7210-039-7. Price: 1 60 SEK. 

40. B. Pettersson. 1 958.  Dynamik och konstans i Gotlands 
flora och vegetation. (Zusammenfassung: Dynamik und 
Konstanz in der Flora und Vegetation von Gotland, 
Schweden.) ISBN 9 1 -7210-040-0. Price: 400 SEK. 

4 1 .  E. Uggla. 1958. Skogsbrandfalt i Muddus nationalpark. 
(Summary: Forest fire areas in Muddus National Park, 
northern Sweden.) ISBN 9 1 -7210-04 1 -9. Price: 160 SEK. 

42. K. Thomasson. 1 959. Nahuel Huapi. Plankton of some 
lakes in an Argentina National Park, with notes on terres
trial vegetation. ISBN 9 1 -72 1 0-042-7. Price: 1 60 SEK. 

43. V. Gillner. 1 960. Vegetations- und Standortsuntersuch
ungen in den Strandwiesen der schwedischen Westkliste. 
ISBN 9 1 -721 0-043-5. Price: 240 SEK. 

44. E. Sjogren. 1 96 1 .  Epiphytische Moosvegetation in Laub
waldem der Insel bland, Schweden. (Summary: Epiphytic 
moss communities in deciduous woods on the island of 
(Hand, Sweden.) ISBN 9 1 7210-044-3 (ISBN 9 1 -7210-
444-9) . Price: 1 60 SEK. 

45. G. Wistrand. 1962. Studier i Pite Lappmarks karlvaxtflora, 
med sarskild hansyn till skogslandet och de isolerade 
fjallen. (Zusammenfassung: Studien liber die Gefasspflan
zenflora der Pite Lappmark mit besonderer Bertick
sichtigung des Waldlandes und der isolierten niederen 
Fjelde.) ISBN 9 1 -7210-045-1  (ISBN 9 1 -72 10-445-7) . 
Price: 240 SEK. 

46. R. lvarsson. 1 962. Lovvegetation i Mollosunds socken. 
(Zusammenfassung: Die Laubvegetation im Kirchspiel 
Mollosund, Bohuslan, Schweden.) ISBN 9 1 -72 1 0-046-X 
(ISBN 9 1 -72 10-446-5) . Price: 160 SEK. 

47. K. Thomasson. 1 963 . Araucanian Lakes. Plankton studies 
in North Patagonia, with notes on terrestrial vegetation. 
ISBN 9 1 -7210-047-8. Price: 240 SEK. 

48. E. Sjogren. 1964. Epilitische und epigaische Moosvege
tation in Laubwaldem der Insel bland, Schweden. (Sum
mary: Epilithic and epigeic moss vegetation in deciduous 
woods on the island of bland, Sweden.) ISBN 9 1 -7210-
048-6 (ISBN 9 1 -72 10-448- 1 ) . Price: 240 SEK. 

49. 0. Hedberg. 1964. Features of afroalpine plant ecology. 
(Resume franc;ais.) ISBN 9 1 -72 10-049-4 (ISBN 91 -72 10-
449-X) . Price: 240 SEK. 

50. The Plant Cover of Sweden. A study dedicated to G. Einar 
Du Rietz on his 70th birthday by his pupils. 1 965. ISBN 
9 1 -721 0-050-8. Price: 460 SEK. 

Acta Phytogeogr. Suec. 81 



1 30 Svenska Viixtgeografiska Siillskapet 

5 1 .  T. Flensburg. 1 967. Desmids and other benthic algae of 
Lake Kavsjon and Store Mosse. SW Sweden. ISBN 9 1 -
72 10-05 1 -6 (ISBN 9 1 -7210-45 1 - 1 ) .  Price: 240 SEK. 

52. E. Skye. 1 968. Lichens and air pollution. A study of crypto
gamic epiphytes and environment in the Stockholm region. 
ISBN 9 1 -7210-052-4 (ISBN 9 1 -72 10-452-X). Price: 240 
SEK. 

53.  J. Lundqvist. 1968. Plant cover and environment of steep 
hillsides in Pite Lappmark. (Resume: La couverture vege
tale et l'habitat des flancs escarpes des collines de Pite 
Lappmark.) ISBN 9 1 -7210-053-2 (ISBN 91 -7210-453-8). 
Price: 240 SEK. 

54. Conservation of Vegetation in Africa South of the Sahara. 
Proceedings of a symposium held at the 6th Plenary meet
ing of the AETFAT, Uppsala Sept. 1 2- 1 6, 1966. 1968. 
ISBN 9 1 -7210-054-0 (ISBN 91-7210-454-6). Price: 290 
SEK. 

55. L. -K. Konigsson. 1968. The Holocene history of the Great 
Alvar of bland. ISBN 9 1 -7210-055-9 (ISBN 91 -7210-
455-4). Price: 290 SEK. 

56. H. P. Hallberg. 197 1 .  Vegetation auf den Schalenablager
ungen in BohusHin, Schweden. (Summary: Vegetation on 
shell deposits in BohusUin, Sweden.) ISBN 91 -7210-056-
7 (ISBN 9 1-721 0-456-2). Price: 240 SEK. 

57. S. Fransson. 1972. Myrvegetation i sydvastra Viirmland. 
(Summary: Mire vegetation in southwestern Viirmland, 
Sweden.) ISBN 9 1 -7210-057-5 (ISBN 91 -7210-457-0). 
Price: 240 SEK. 

58. G. Wallin. 1973. Lovskogsvegetation i Sjuhiiradsbygden. 
(Summary: Deciduous woodlands in Sjuhiiradsbygden, 
Vastergotland, southwestern Sweden.) ISBN 9 1 -72 10-
058-3 (ISBN 91 -7210-458-9). Price: 240 SEK. 

59. D. Johansson. 1 974. Ecology of vascular epiphytes in 
West African rain forest. (Resume: Ecologie des epiphytes 
vasculaires dans la foret dense humide d' Afrique 
occidentale.) ISBN 9 1 -72 10059- 1 (ISBN 9 1 -7210-459-
7). Price: 290 SEK. 

60. H. Olsson. 1974. Studies on South Swedish sand vegeta
tion. ISBN 9 1 -721 0-060-5 (ISBN 9 1 -7210-460-0). Price: 
240 SEK. 

6 1 .  H. Hyttebom. 1975. Deciduous woodland at Andersby, 
eastern Sweden. Above-ground tree and shrub production. 
ISBN 91 -7210-061-3 (ISBN 9 1-7210-461 -9). Price: 240 
SEK. 

62. H. P ersson. 1 97 5. Deciduous woodland at Andersby, east
em Sweden. Field-layer and below-ground production. 
ISBN 9 1 -7210-062-1 (ISBN 9 1 -7210-462-7). Price: 1 60 
SEK. 

63. S. Brakenhielm. 1977. Vegetation dynamics of afforested 
farmland in a district of south-eastern Sweden. ISBN 9 1 -
7210-063-X (ISBN 9 1 -7210-463-5). Price: 240 SEK. 

64. M. Y. Ammar. 1 978. Vegetation and local environment on 
shore ridges at Vickleby, bland, Sweden. An analysis. 
ISBN 91 -7210-064-8 (ISBN 9 1-7210-464-3). Price: 240 
SEK. 

65. L. Kullman. 1 979. Change and stability in the altitude of 
the birch tree-limit in the southern Swedish Scandes 19 15-
1 975. ISBN 9 1 -72 10-065-6 (ISBN 9 1 -7210-465 - 1 ). Price: 
240 SEK. 

66. E. Waldemarson Jensen. 1979. Successions in relationship 
to lagoon development in the Laitaure delta, North Swe-

Acta Phytogeogr. Suec. 81 

den. ISBN 9 1 -72 10-066-4 (ISBN 91 -7210-466-X). Price: 
240 SEK. 

67. S. Tuhkanen. 1980. Climatic parameters and indices in 
plant geography. ISBN 9 1 -72 10-067-2 (ISBN 91 -721 0-
467-8). Price: 240 SEK. 

68. Studies in plant ecology dedicated to Hugo Sjors. 1 980. 
(ed. E.  Sjogren) ISBN 91 -7210-068-0 (ISBN 91 -72 10-
468-6). Price: 290 SEK. 

69. C. Nilsson. 198 1 .  Dynamics of the shore vegetation of a 
North Swedish hydro-electric reservoir during a 5-year 
period. ISBN 91 -72 10-069-9 (ISBN 91 -7210-469-4). Price: 
240 SEK. 

70. K. Warenberg. 1 982. Reindeer forage plants in the early 
grazing season. Growth and nutritional content in relation 
to climatic conditions. ISBN 9 1 -7210-070-2 (ISBN 9 1 -
7210-470-8). Price: 240 SEK. 

7 1 .  C. Johansson. 1982. Attached algal vegetation in running 
waters of Jiimtland, Sweden. ISBN 9 172 10-07 1 -0 (ISBN 
9 1-7210-4 7 1 -6). Price: 240 SEK. 

72. E. Rosin. 1982. Vegetation development and sheep graz
ing in limestone grass lands of South bland, Sweden. ISBN 
9 1 -72 10-072-9 (ISBN 9 1 -7210-472-4). Price: 290 SEK. 

73. Zhang Liquan. 1983. Vegetation ecology and population 
biology of Fritillaria meleagris L. at the Kungsiingen Na
ture Reserve, eastern Sweden. ISBN 9 1 -7210-073-7 (ISBN 
91 -7210-473-2). Price: 240 SEK. 

74. I. Backeus. 1 985. Aboveground production and growth 
dynamics of vascular bog plants in central Sweden. ISBN 
91 -7210-074-5 (ISBN 9 1 -72 10-474-0). Price: 240 SEK. 

75 . E. Gunnlaugsd6ttir. 1985. Composition and dynamical 
status of heathland communities in Iceland in relation to 
recovery measures. ISBN 9 1 -7210-075-3 (ISBN 91-7210-
475-9). Price: 240 SEK. 

76. Plant cover on the limestone Alvar on bland. Ecology
Sociology-Taxonomy. 1988 .  (ed. E. Sjogren) ISBN 91 -
7210-076-1 (ISBN 9 1 -721 0-476-7). Price: 320 SEK. 

77. A. H. Bjamason. 199 1 .  Vegetation on lava fields in the 
Hekla area, Iceland. ISBN 91 -7210-077-X (ISBN 9 1-7210-
477-6). Price: 290 SEK. 

78.  Algological studies of Nordic coastal waters - A festschrift 
to Prof. Mats Wrem on his 80th birthday-. 1992. (eds. I. 
Wallentinus & P. Snoeijs) ISBN 9 1 -7210-078-8 (ISBN 9 1 -
7210-478-3 ) .  Price: 290 SEK. 

79. Tamrat Bekele. 1993. Vegetation ecology ofremnant Afro
montane forests on the Central Plateau of Shewa, Ethiopia. 
ISBN 9 1 -721 0-079-6 (ISBN 9 1 -7210-479- 1) .  Price: 290 
SEK. 

80. M. Diekmann. 1994. Deciduous forest vegetation in Boreo
nemoral Scandinavia. ISBN 9 1 -7210-080-X (ISBN 9 1 -
7210-480-5). Price: 290 SEK. 

8 1 .  1 996. Plant root systems and natural vegetation. 1996. 
(eds. H.  Persson & 1.0. Baitulin) ISBN 9 1 -72 10-081 -8 
(ISBN 9 1 -7210-48 1-3). Price: 290 SEK. 

A limited number of cloth-bound copies of Acta 44, 45, 46, 48, 
49, 5 1 , 52, 53, 56, 57, 6 1 , 63, 66, 67, 68, 69, 70, 7 1 ,  72, 73, 74, 
75, 76, 77, 78, 79, 80, 81 is available at an additional cost of 75 
SEK per volume. (Use ISBN n°S. within brackets to order.) 



Svenska Viixtgeografiska Siillskapet 1 3 1  

STUDIES IN PLANT ECOLOGY (VOL. 1 - 1 9) 

1 .  S. Brakenhielm & T. lngelOg. 1 972. Vegetationen i Kungs
hamn-Morga naturreservat med forslag till skotselplan. 
(Summary: Vegetation and proposed management in the 
Kungshamn-Morga Nature Reserve south of Uppsala.) 
ISBN 9 1 -721 0-801 -0. Price: 1 1 2 SEK. 

2. T. Ingelog & M. Risling. 1 973. Kronparken vid Uppsala, 
historik och bestfmdsanalys av en 300-fuig tallskog. (Sum
mary: Kronparken, history and analysis of a 300-year old 
pinewood near Uppsala, Sweden.) ISBN 9 1 -721 0-802-9. 
Price: 1 12 SEK. 

3 .  H. Sjors e t  al. 1973.  Skyddsvlirda myrar i Kopparbergs Uin .  
[Summary: Mires considered for protection in  Kopparberg 
County (Prov. Dalarna, Central Sweden.)] ISBN 91-721 0-
803-7. Price: 1 12 SEK. 

4. L. Karlsson. 1973. Autecology of cliff and scree plants in 
Sarek National Park, northern Sweden 1 973. ISBN 9 1 -
7210-804-5 . Price: 1 60 SEK. 

5 .  B .  Klasvik. 1 974. Computerized analysis of stream algae. 
ISBN 9 1 -72 10-805-3.  Price: 1 12 SEK. 

6. Y. Dahlstrom-Ekbohm. 1975 . Svensk miljovards- och 
omgivningshygienlitteratur 1952- 1972. Bibliografi och 
analys. ISBN 91 -7210-806- 1 .  Price: 1 12 SEK. 

7. L. Rodenborg. 1976. Bodennutzung, Pflanzenwelt und 
ihre Veriinderungen in einem alten Weidegebiet auf Mit
tel-Oland, Schweden. ISBN 9 1 -721 0-807-X. Price: 1 12 
SEK. 

8. H. Sjors & Ch. Nilsson. 1976. Vattenutbyggnadens effek
ter pa levande natur. En faktaredovisning overvagande 
fran Umealven. (Summary: Bioeffects of hydroelectric 
development. A case study based mainly on observations 
along the Ume River, northern Sweden.) ISBN 91 -72 10-
808-8. Price: 160 SEK. 

9. J. Lundqvist & G. Wistrand. 1 976. Strandflora inom ovre 
och mellersta Skelleftealvens vattensystem. Med en sam
manfattning betraffande botaniska skyddsvarden. (Sum
mary: Riverside vascular flora in the upper and middle 
catchment area of the River Skelleftealven, northern Swe
den.)  ISBN 91-72 10-809-6. Price: 1 12 SEK. 

10 .  A. MUller-Haeckel. 1976. Migrationsperiodik einzelliger 
Algen in Fliessgewassern. ISBN 9 1 -72 10-8 1 0-X. Price: 
1 1 2 SEK. 

1 1 .  A. Sjodin. 1 980. Index to distribution maps of bryophytes 
1 887- 1975. I. Musci. (hard-bound). ISBN 9 1 -72 10-8 1 1 -8.  
Price: 1 60 SEK. 

12 .  A. Sjodin. 1 980. Index to distribution maps of bryophytes 
1 887- 1975 . Il. Hepaticae. (hard-bound). ISBN 9 1 -721 0-
8 1 2-6. Price: 1 1 2 SEK. 

13 .  0 .  Eriksson, T. Palo & L .  Soderstrom. 1 98 1 .  Renbetning 
vintertid. U ndersokningar rorande svensk tamrens narings
ekologi under snoperioden. ISBN 9 1 -721 0-8 1 3-4. Price: 
1 1 2 SEK. 

14.  G. Wistrand. 1 98 1 .  Bidrag till Pite lappmarks vaxtgeo
grafi. ISBN 9 1-721 0-8 1 4-2. Price: 1 12 SEK. 

15 .  T. Karlsson. 1982. Euphrasia rostkoviana i Sverige. ISBN 
9 1 -72 10-8 1 5-0. Price: 1 60 SEK. 

16. Theory and Models in Vegetation Science: Abstracts. ISBN 
9 1 -72 10-8 1 6-9. 1 985. Price: 1 60 SEK. 

17 .  /. Backeus. 1988. Mires in  the Thaba-Putsoa Range of  the 
Maloti, Lesotho. ISBN 9 1 -721 0-817-7. Price: 1 60 SEK. 

1 8 . Forests of the world - diversity and dynamics (Abstracts) 
1989. (Ed. E. Sjogren) ISBN 9 1 -721 0-8 1 8-5. Price: 290 
SEK. 

19.  E. Sjogren. 1994. Changes in the epilithic and epiphytic 
moss cover in two deciduous forest areas on the island of 
bland (Sweden). - A comparison between 1958- 1962 and 
1 988- 1990. ISBN 9 1 -721 0-819-3. Price: 200 SEK. 

Distributor: 
OPULUS PRESS AB 

Box 25 137, S-750 25 Uppsala, Sweden 
Tel. + 46 18 320662 
Fax + 46 1 8  321 368 

http://www2.passagen.se/opulus.com/ 

Acta Phytogeogr. Suec. 81 







Distributor: OPULUS PRESS AB, Uppsala, Sweden 

ISBN 9 1 -721 0-08 1 -8 (ISBN 9 1 -7210-48 1 -3) 
ISSN 0084-59 14 


	APS 81_0001
	APS 81_0002
	APS 81_0003
	APS 81_0004
	APS 81_0005
	APS 81_0006
	APS 81_0007
	APS 81_0008
	APS 81_0009
	APS 81_0010
	APS 81_0011
	APS 81_0012
	APS 81_0013
	APS 81_0014
	APS 81_0015
	APS 81_0016
	APS 81_0017
	APS 81_0018
	APS 81_0019
	APS 81_0020
	APS 81_0021
	APS 81_0022
	APS 81_0023
	APS 81_0024
	APS 81_0025
	APS 81_0026
	APS 81_0027
	APS 81_0028
	APS 81_0029
	APS 81_0030
	APS 81_0031
	APS 81_0032
	APS 81_0033
	APS 81_0034
	APS 81_0035
	APS 81_0036
	APS 81_0037
	APS 81_0038
	APS 81_0039
	APS 81_0040
	APS 81_0041
	APS 81_0042
	APS 81_0043
	APS 81_0044
	APS 81_0045
	APS 81_0046
	APS 81_0047
	APS 81_0048
	APS 81_0049
	APS 81_0050
	APS 81_0051
	APS 81_0052
	APS 81_0053
	APS 81_0054
	APS 81_0055
	APS 81_0056
	APS 81_0057
	APS 81_0058
	APS 81_0059
	APS 81_0060
	APS 81_0061
	APS 81_0062
	APS 81_0063
	APS 81_0064
	APS 81_0065
	APS 81_0066
	APS 81_0067
	APS 81_0068
	APS 81_0069
	APS 81_0070
	APS 81_0071
	APS 81_0072
	APS 81_0073
	APS 81_0074
	APS 81_0075
	APS 81_0076
	APS 81_0077
	APS 81_0078
	APS 81_0079
	APS 81_0080
	APS 81_0081
	APS 81_0082
	APS 81_0083
	APS 81_0084
	APS 81_0085
	APS 81_0086
	APS 81_0087
	APS 81_0088
	APS 81_0089
	APS 81_0090
	APS 81_0091
	APS 81_0092
	APS 81_0093
	APS 81_0094
	APS 81_0095
	APS 81_0096
	APS 81_0097
	APS 81_0098
	APS 81_0099
	APS 81_0100
	APS 81_0101
	APS 81_0102
	APS 81_0103
	APS 81_0104
	APS 81_0105
	APS 81_0106
	APS 81_0107
	APS 81_0108
	APS 81_0109
	APS 81_0110
	APS 81_0111
	APS 81_0112
	APS 81_0113
	APS 81_0114
	APS 81_0115
	APS 81_0116
	APS 81_0117
	APS 81_0118
	APS 81_0119
	APS 81_0120
	APS 81_0121
	APS 81_0122
	APS 81_0123
	APS 81_0124
	APS 81_0125
	APS 81_0126
	APS 81_0127
	APS 81_0128
	APS 81_0129
	APS 81_0130
	APS 81_0131
	APS 81_0132
	APS 81_0133
	APS 81_0134
	APS 81_0135
	APS 81_0136

